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Severe dengue infection in humans causes a disease characterized
by thrombocytopenia, increased levels of cytokines, increased
vascular permeability, hemorrhage, and shock. Treatment is sup-
portive. Activation of platelet-activating factor (PAF) receptor
(PAFR) on endothelial cells and leukocytes induces increase in
vascular permeability, hypotension, and production of cytokines.
We hypothesized that activation of PAFR could account for the
major systemic manifestations of dengue infection. Inoculation of
adult mice with an adapted strain of Dengue virus caused a
systemic disease, with several features of the infection in hu-
mans. In PAFR~/~ mice, there was decreased thrombocytopenia,
hemoconcentration, decreased systemic levels of cytokines, and
delay of lethality, when compared with WT infected mice. Treat-
ment with UK-74,505, an orally active PAFR antagonist, prevented
the above-mentioned manifestations, as well as hypotension and
increased vascular permeability, and decreased lethality, even
when started 5 days after virus inoculation. Similar results were
obtained with a distinct PAFR antagonist, PCA-4246. Despite de-
creased disease manifestation, viral loads were similar (PAFR~/~) or
lower (PAFR antagonist) than in WT mice. Thus, activation of PAFR
plays a major role in the pathogenesis of experimental dengue
infection, and its blockade prevents more severe disease manifes-
tation after infection with no increase in systemic viral titers,
suggesting that there is no interference in the ability of the murine
host to deal with the infection. PAFR antagonists are disease-
modifying agents in experimental dengue infection.

inflammation | cytokines | shock

latelet-activating factor (PAF) is a potent and versatile
mediator of inflammation that is produced by numerous cell
types and tissues, and particularly by leukocytes (1, 2). PAF acts
on a single receptor (PAFR) that may be expressed on the
plasma membrane or the outer leaflet of the nucleus of various
cell types, but especially leukocytes, platelets, and endothelial
cells (2, 3). The endogenous release of PAF may account for
several of the manifestations of acute inflammation. The ad-
ministration of PAF to rodents or humans reproduces many
features of the systemic inflammatory response syndrome
(SIRS), including hypotension, increased vascular permeability,
hemoconcentration, cytokine release, and shock (1, 2).
Dengue fever and dengue shock or hemorrhagic syndromes
(DSS) are mosquito-borne diseases caused by 1 of 4 serotypes
of Dengue virus (DEN 1-4). There are an estimated 50-100
million cases of dengue fever and 20,000 deaths annually
mostly in tropical and subtropical regions of the world (4). The
large number of infected individuals, the lack of clinical or
laboratory markers that indicate which patients will develop
severe disease, and the lack of specific treatment place an
enormous burden on health systems of low-income countries.
Treatment of dengue fever and of the severe forms of dengue
infection is supportive (5).
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DSS is defined as fever with hemorrhage manifestations,
thrombocytopenia, and hemoconcentration or other signs of
plasma leakage. Indeed, severe dengue infection is characterized
by increased vascular permeability, altered number of leuco-
cytes, increased hematocrit, thrombocytopenia, and varying
degree of hemorrhage (5, 6). The extensive plasma leakage in
various serous cavities of the body may result in profound and
intractable shock. Hemorrhage, when it occurs, may contribute
to hypotension. These features remarkably resemble the patho-
physiological changes observed after the systemic activation of
PAFR in experimental animals (1, 2). There is greater release of
PAF from macrophages obtained from patients who were pre-
viously infected with DEN-1 than controls (7). Taking the latter
observations in consideration, we hypothesized that excessive
inflammation and activation of PAFR during dengue infection
could account for the increase in vascular permeability, throm-
bocytopenia, increased cytokine levels, shock, and hemorrhage
observed in the severe cases of dengue. To test this hypothesis,
initial experiments characterized in detail the course of infection
with a previously (8) adapted strain of DEN-2 in adult mice
infected via a peripheral route. To evaluate the role of PAFR,
experiments were performed in PAFR-deficient (PAFR™7)
mice (9) and mice treated with a long lasting and selective PAFR
antagonist, UK-74,505 (modipafant) (10).

Results

Parameters in Mice Infected with an Adapted Strain of DEN-2. Infec-
tion of BALB/c mice with induced an inoculum-dependent
lethality that was usually observed from the 6™ day after
inoculation of the virus (Fig. 14). The virus was detected from
day 3 in the spleen (Fig. 1B) and from day 5 in the liver and lungs
(Fig. S1). At day 7 after inoculation, there was significant viremia
(Fig. 1C) and large numbers of viruses in the spleen (Fig. 1B),
liver, and lungs (Fig. S1). Viral loads in the CNS were several
orders of magnitude lower than those observed in blood and
other organs (Fig. S1).

We performed a series of experiments to characterize the
adapted DEN-2 virus further. In all experiments, control mice
were inoculated with brain suspension which caused no clinical
or biochemical alterations in comparison with non-inoculated
mice. UV irradiation or heat inactivation of the inoculum
prevented infection of LLC-MK2 cells in vitro and lethality and
any other form of clinical manifestation in vivo (Fig. S2A4).
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The i.p. inoculation of BALB/c mice with an adapted DEN-2 strain causes a disease that resembles the human infection. (A) The inoculation of 0.1 to 100

LDsp of DEN-2 causes an inoculum-dependent lethality (n = 8 mice per group). Mice were then inoculated with 100 LDsg and the concentration of the virus
recovered from the spleen (B) and blood (C) evaluated at days 3, 5, and 7 after inoculation. Control non-infected mice (NI) were injected with brain suspension
from normal animals. Results are shown as the number of PFU per mL blood or g tissue. The number of platelets (D) and hematocrit (E) in blood of control and
DEN-2 virus infected mice are shown as the number of platelets X 103/uL of blood and hematocrit as % volume occupied by red blood cells, respectively. Changes
in vascular permeability in the liver (F) are shown as ug Evans blue per 100 mg tissue. The levels of TNF-«a (G), CXCL1 (H), and IFN-y (/) in serum are shown as pg
per mLserum. (J) Mice were inoculated with the virus and mechanical hypernociception was assessed daily. Results are shown as the difference between the force
(9) necessary to induce the dorsal flexion of the tibio-tarsal joint, followed by paw withdraw, before and after DEN-2 virus inoculation. (B-J) Results are shown
asthe mean + SEM, and there were n = 6 animalsin each group. *, P<0.01 when compared to control uninfected mice. (K) Representative pictures of H&E-stained
liver sections (X 100) of uninfected and DEN-2 virus infected mice 7 days after inoculation. ND, not detected.

Treatment with an anti-DEN-2 polyclonal antiserum obtained
DEN-2-infected monkeys reduced lethality by more than 70%
(Fig. S2B). Fig. S3 demonstrates that DEN-2 obtained from
brain suspension or from C6/36 cells induced similar disease in
mice. Altogether, these results demonstrate that it is the adapted
DEN-2 virus present in the brain suspension that caused infec-
tion and disease in mice.

Infection kinetic studies were carried out with an inoculum of
100 LDs (equivalent to 2,000 PFU as tested in LLC-MK2 cells).
Lethality was preceded by significant changes in platelet counts,
vascular permeability, hematocrit, and cytokine levels (Fig. 1).
Experiments were conducted till day 7 as there was a great
degree of lethality in WT mice after this period. Thrombocyto-
penia was observed as early as 3 days after inoculation and
platelet counts were around 30% of normal at day 7 (Fig. 1D).
The hematocrit, a marker of hemoconcentration, was elevated
from day 5 and increased to greater than 55% by day 7 (Fig. 1E),
and this was accompanied by changes in vascular permeability in
liver of infected mice (Fig. 1F). There was also significant
hypotension at day 7 (described below). The levels of CXCL1,
TNF-q, IFN-v, and IL-6 were evaluated in serum, spleen, liver,
lungs, and brains of infected mice. Overall, there was a good
correlation between levels of cytokines and chemokines in
serum, liver, and spleen (Fig. 1 G-I and Fig. S4). In general,
levels of TNF-«, IFN-vy, and CXCLI1 rose rapidly from day 5 of
infection but were not different from background at day 3 (Fig.
1 G-I and Fig. S4). Levels of IL-6 rose rapidly from day 5 in
spleen of infected mice (Fig. S4). In the lungs, there were no
remarkable alterations in cytokine production, except for an
elevation of CXCL1 from day 5 after infection (Fig. S5). In the
brain, levels of TNF-a were observed at day 3, peaked at day 5,
and returned to background levels at day 7 after infection. Levels
of IFN-v, IL-6, and CXCL1 were not above baseline in brain
(Fig. S6).

Fever and pain are the most common clinical findings after
dengue infection in humans. Changes in temperature could only
be detected in infected animals after day 5 of infection when
temperature dropped (Fig. S7). In contrast, there was significant
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hypernociception, an index of pain, in response to mechanical
stimulation from day 3 of DEN-2 inoculation, which peaked at
day 4 and remained at high levels thereafter (Fig. 1J). There was
hemorrhage in the liver and in lungs from day 5 after infection.
Red blood cells were found inside alveolar spaces, in hepatic
parenchyma and biliary tree (Fig. 1K and see Fig. S8 for a more
complete scenario). In the liver, there were evident signs of
congestion and hepatocyte degeneration and necrosis. In con-
trast, there were no significant pathological alterations or change
in vascular permeability in brains of infected mice at day 7 after
infection. Therefore, adult mice infected i.p. with DEN-2 virus
present clinical and pathological features that resemble severe
dengue in humans.

PAFR~/~ Mice Are Protected from Severe Dengue. Lethality after
DEN-2 virus infection was delayed and there was partial pro-
tection in PAFR™/~ mice (Fig. 24). Viral loads in blood and
spleen of PAFR ™/~ mice were similar to those found in WT mice
(Fig. 2B). In PAFR ™/~ mice, the virus-associated thrombocyto-
penia and hemoconcentration were prevented and parameters
returned to basal levels (Fig. 3 4 and B). Further parameters
were evaluated at day 7, at the peak of the inflammatory
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Fig. 2. Lethality is delayed and partially prevented in DEN-2-inoculated

PAFR-deficient mice without changes in viral load in blood and spleen. (A)
PAFR-deficient (PAFR~7) or wild type (WT) mice were inoculated with 100
LDsg of DEN-2 and lethality evaluated every 12 h (n = 14 mice per group). (B)
Mice were infected with 100 LDsg of DEN-2 and viral loads recovered from the
spleenand blood evaluated at day 7 after inoculation. Results are shown as the
number of PFU per g tissue or mL blood. Experiments were repeated twice.
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Fig. 3. Disease is milder in DEN-2-inoculated PAFR-deficient mice. PAFR-deficient (PAFR~/~) or wild type (WT) mice (n = 14 mice per group) were inoculated
with 10 or 100 LDsg of DEN-2 virus and several parameters of the infection evaluated at day 7 after inoculation. Control non-infected mice (NI) were injected
with brain suspension from normal animals. The number of platelets (A) and hematocrit (B) in blood of uninfected (NI) and DEN-2 virus infected WT and PAFR~/~
mice are shown as the number of platelets x 103/uL blood and hematocrit as % volume occupied by red blood cells, respectively. The levels of TNF-a (C and D)
and IFN-y (E and F) in serum and spleen are shown as pg of the cytokine per mL serum or per 100 mg spleen. (G) WT or PAFR~/~ mice were inoculated with 100
LDsp of DEN-2 virus and mechanical hypernociception, an index of pain, assessed daily. Results are shown as the difference between the force (g) necessary to
induce the dorsal flexion of the tibio-tarsal joint, followed by paw withdraw, before and after inoculation. Results are shown as the mean = SEM and there were
n = 6animalsin each group. *, P< 0.01 when compared to control uninfected mice and # for P < 0.01 when comparing WT and PAFR~/~ mice. (H) Representative

pictures of H&E-stained liver sections (X 100) of WT and PAFR~/~ DEN-2-infected mice (100 LDsp). ND, not detected.

response induced by the infection. Levels of TNF-a and IFN-y
in blood and spleen of DEN-2 infected mice were lower in
PAFR~/~ than WT mice (Fig. 3 C-F). There was a 97% (n = 5,
P < 0.001) inhibition of the increase in vascular permeability in
the liver of infected PAFR ™/~ mice at day 7. Hypernociception
observed in infected animals was diminished in PAFR™/~ mice
(Fig. 3G). Finally, histopathological analysis of livers of infected
PAFR '~ mice showed that hepatic (Fig. 3H) lesions were less
severe when compared to their WT counterparts.

Despite the observed protection in PAFR™/~ mice, most
animals still succumbed to infection, albeit at a later stage than
the WT controls (Fig. 24). To investigate potential mechanisms
of death in these animals, we evaluated the above parameters at
day 10, close to the time of death in infected PAFR ~/~ mice. As
all WT mice were dead at that time point, it was not possible to
compare the results of PAFR /= with those of WT mice. There
was thrombocytopenia (512 = 60 X 103 platelets per uL of
blood) and hemoconcentration (47 = 1%) in infected PAFR ™/~
mice at day 10 that was similar to what was observed in WT mice
at day 7 after infection (compare with controls at Figs. 1 and 3).

Hence, PAFR ™/~ mice eventually die of worsening of dengue
infection.

Treatment with a PAFR Antagonist Prevents Severe Dengue Infection.
Treatment with UK-74,505 (10) from the day of inoculation until
day 10 delayed and decreased by approximately 50% the lethality
associated with DEN-2 infection. A similar delay and protection
from death was achieved when the drug was started 3 or 5 days
after virus inoculation and treatment was also partially effective
when drug was started at day 7 (Fig. 44). The protection
afforded by the drug was greater than that observed in PAFR ~/~
infected mice (compare Figs. 2 and 4). Treatment of PAFR ™/~
mice with UK-74,505 did not confer any protection in addition
to that of PAFR ~/~ mice (Fig. S9), suggesting that the compound
was indeed specifically blocking PAFR. Treatment with PCA-
4248, a structurally distinct PAFR antagonist (11), also de-
creased lethality, and changes in platelet count and hematocrit
when treatment was started at day 5 (Fig. S10). Despite partial
protection from lethality, viral loads in UK-74,505-treated mice
were lower than those of vehicle-treated and infected mice at day
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Fig.4. Lethality is delayed and partially prevented by treatment of DEN-2-inoculated mice with a PAFR antagonist, UK-74,505. Viral load is lower in blood and
spleen of PAFR antagonist-treated mice. (A) Vehicle or UK-74,505-treated mice were inoculated with 100 LDso of DEN-2 virus and lethality evaluated every 12 h
(n = 8-10 mice per group). UK-74,505 was given at the dose of 10 mg/kg twice a day and treatment was started on days 0, 3, 5, or 7 and continued until day
10 after inoculation. All treatments were significantly (P < 0.05) different from vehicle. (B and C) Vehicle- and UK-74,505 (treatment started on day 5)-treated
mice were inoculated with 10 or 100 LDso of DEN-2 virus and viral loads in the blood (B) or spleen (C) evaluated at day 7 after inoculation. Experiments were
repeated twice. *, P < 0.01 when comparing vehicle- and UK-74,505-treated infected mice.
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Fig.5. Disease is milder in DEN-2-inoculated mice treated with a PAFR antagonist from 5th day after the inoculation. Mice were inoculated with 10 or 100 LDsq
of DEN-2. UK-74,505 was given at the dose of 10 mg/kg twice a day and treatments was started on day 5 and continued until day 7 after inoculation. Control
non-infected mice (NI) were injected with brain suspension from normal animals. On day 7, mice were culled and several parameters of the infection determined.
The number of platelets (A) and hematocrit (B) in blood of NI and vehicle- or UK-74,505-treated DEN-2 infected mice are shown as the number of platelets x
103/uL blood and hematocrit as % volume occupied by red blood cells, respectively. The levels of TNF-a (C and D) and IFN-y (E and F) in serum and liver are shown
as pg of the cytokine per mL serum or per 100 mg of liver. Changes in vascular permeability in the liver (G) are shown as g Evans blue per 100 mg tissue. (H)
Blood pressure is shown in mmHg. (/) Vehicle- or UK-74,505-treated mice were inoculated with 100 LDso of DEN-2 and mechanical hypernociception, an index
of pain, assessed daily. Results are shown as the force (g) necessary to induce the dorsal flexion of the tibio-tarsal joint, followed by paw withdraw. Results are
shown as the mean = SEM and there were n = 6 animals in each group, except for blood pressure experiments (n = 4). *, P < 0.01 when compared to control
uninfected mice and # for P < 0.01 when comparing vehicle- and UK-74,505-treated mice. (J) Representative pictures of H&E-stained liver sections (x100) of

vehicle- or UK-74,505-treated DEN-2-infected mice (100 LDsg).

7 after infection (Fig. 4B and C). The compound (1078 to 10~°
M) had no effect on viral replication in LLC-MK2 cells or on
cytokine production by dengue-infected macrophages.

Treatment with UK-74,505 from day 5 after infection pre-
vented thrombocytopenia and hemoconcentration induced by 2
different inocula of DEN-2 (Fig. 5 4 and B). The compound
significantly inhibited the increase of TNF-« levels in the serum
and spleen of infected mice (Fig. 5 C and D). In contrast, the
concentration of IFN-y was significantly increased in serum and
spleen of mice treated with UK-74,505 (Fig. 5 E and F). Of
interest, the decreased lethality in PAFR antagonist-treated
mice was associated with prevention of increased vascular per-
meability (Fig. 5G) and hypotension (Fig. 5H) in drug-treated
mice. UK-74,505 also prevented hypernociception (Fig. 5I) and
decreased tissue hemorrhage (Fig. 5/) associated with infection.
All parameters were evaluated at day 7. The compound also
modified thrombocytopenia and hemoconcentration caused by
the virus which was obtained after passage in insect cells
(Fig. S3).

Discussion

Infection of adult mice with an adapted strain of DEN-2 virus
induced the major clinical manifestations of severe dengue
infection, including mechanical hypernociception, thrombocyto-
penia, hemoconcentration, increased vascular permeability, in-
creased levels of cytokines and chemokines, tissue hemorrhage,
hypotension, and lethality. Experiments in PAFR™/~ mice or
animals treated with PAFR antagonists clearly demonstrated an
important role of the receptor in mediating most manifestations
mentioned above. More importantly, treatment with the PAFR
antagonist 5 days after inoculation of the virus, a time at which
hypernociception, increase in vascular permeability and throm-
bocytopenia were evident, prevented the major manifestations
of infection and still delayed and decreased lethality. Viral loads
were similar in PAFR ™/~ and lower in PAFR antagonist-treated
mice than in WT mice. Hence, despite the protective effects
observed in PAFR™/~ mice or afforded by PAFR antagonist
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treatment, there was no decrease in the ability of the murine host
to deal with the infection.

Several experimental models of dengue infection have been
reported, the great majority of which describe the preferential
infection of the central nervous system by the Dengue virus (12).
This is in contrast with the situation in humans in which
manifestations of dengue are clearly more systemic and include
fever, back pain and thrombocytopenia (4). There are also
studies of infection in SCID mice whose bone marrow had been
transplanted with human cells or in IFN receptor-deficient mice.
In the latter systems, there is systemic disease in a setting of an
altered immune system (13-17). Here, an adapted virus was
given by a peripheral route and induced an inoculum-dependent
disease in adult mice that was similar to the major manifestations
of severe dengue infection in humans. The late development of
hypotension and vascular permeability suggests that fall in blood
pressure and ensuing shock may account for the death of animals
in our model. Animals also developed hypernociception (an
index of pain in experimental animals), resembling a common
and disabling symptom in the less severe forms of dengue in
humans. These latter manifestations suggest that this model of
dengue infection may be useful for the study of the pathophys-
iology of severe dengue disease.

The likelihood of developing severe disease after infection is
associated with certain serotypes of the virus, previous infection
with a distinct serotype, the viral load and certain clinical
parameters (4, 5, 18). A substantial number of patients with
severe disease have evidence of a previous infection with a
distinct serotype (4, 5, 18), although this may not occur in
countries, such as Brazil (19), where the re-introduction of
Dengue is more recent. Several hypotheses have been raised to
explain this immune-mediated enhancement of disease severity,
including the possibility that immune enhancement facilitates
the entry of viral particles and viral load (5). Thus, although our
studies do not mimic the human situation of 2 sequential
infections with distinct viral serotypes, these results mimic up to
the extent in which we demonstrated that disease in this model
is inoculum-dependent.
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Several experimental studies have linked PAF and its receptor
with the pathogenesis of SIRS. Indeed, administration of PAF
and activation of PAFR on endothelial cells, leukocytes and
platelets mimics several major physiological changes observed in
experimental distributive shock, including hypotension, in-
creased vascular permeability, and lethality (1, 2). Despite the
evidence suggesting a role for PAF and its receptor in the
pathogenesis of shock and the availability of good PAFR antag-
onists, there is no real clinical evidence that PAFR antagonists
protect patients with SIRS from organ dysfunction or death (20,
21). In contrast to clinical shock trials where the drug is given in
patients already with disease, most experimental studies only
evaluated the effects of preventive administration of PAFR
antagonists. PAFR antagonists clearly lose their efficacy when
administered after the inciting stimulus in models of septic or
anaphylactic shock (22, 23).

In our model of dengue infection, the course of infection was
less severe in PAFR ™/~ mice and administration of the PAFR
antagonist before the inoculation inhibited the major manifes-
tations of the experimental infection with Dengue virus in mice.
Prevention of clinical manifestations and decrease of death
occurred in the absence of an increase in viral loads. On the
contrary, viral load was lower in drug-treated mice, possibly
reflecting the better hemodynamic status of the animal and
facilitation of leukocyte circulation. More importantly, when
treatment with the PAFR antagonist was started 5 days after
inoculation of the virus, the drug was still clearly effective in
preventing infection-associated disease. At the time the drug was
started (day 5), there were evident signs of infection, including
hypernociception and thrombocytopenia. Overall, there was
slightly greater protection in drug-treated than PAFR ™/~ mice.
This is consistent with previous findings in another system (24)
and possibly reflects a degree of compensation by an unidenti-
fied pathway in deficient mice. The latter possibility is strength-
ened by the lack of further effect of drug treatment on PAFR ™/~
mice. If we take our animal system into the clinical situation, our
treatment schedule would be compatible with a patient seeking
medical advice because of symptoms (pain) and laboratory
findings (thrombocytopenia) and receiving appropriate medical
treatment, in the case a PAFR antagonist. Whether the present
findings will translate into treatment of patients with severe
disease clearly deserves further investigations.

Absence or blockade of PAFR on a range of cell types could
potentially explain the milder course of DEN-2 infection in mice.
For example, the ability of PAF to induce activation and
aggregation of platelets led to its discovery (25). However and
in contrast to human platelets, murine platelets are known not
to be responsive to PAF and do not appear to express PAFR
(26). Thus, platelets appear not to be the major cell type involved
in the protection afforded by PAFR antagonists. PAFR are
expressed at high levels on murine and human leukocytes and
endothelial cells. There was diminished vascular permeability
and hypotension in UK-74,505-treated and PAFR~/~ infected
mice, suggesting that an action of PAF on PAFR on endothelial
cells may contribute to the changes observed during dengue
infection. An action of PAF on PAFR on leukocytes may also
lead to enhanced activation and tissue recruitment of these cell
types (1, 2). Consistently, the production of various cytokines
was diminished in UK-74,505-treated and PAFR~/~ mice. In
particular, there was a marked inhibition of TNF-« production
in UK-74,505-treated and PAFR ~/~-infected mice, and we have
previously shown that blockade of TNF-a may partially prevent
disease induced by the adapted DEN-2 virus (8). Hence, part of
the observed effects could be secondary to the ability of PAFR
to modulate the production of TNF-« in vivo. However, by the
time the PAFR antagonist is given (day 5), there is already much
TNF-« production and the drug was not capable of decreasing
TNF-« levels in the liver in vivo (see Fig. 5), suggesting that
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mechanisms in addition to inhibition of TNF-« production may
account for the overall effects of PAFR blockade. Thus, PAF/
PAFR interactions on leukocytes and endothelial cells could
potentially lead to all major manifestations of experimental
DEN-2 virus infection. Further studies are needed to dissect the
interaction between the latter cell types.

IFN-vy plays a crucial role in the ability of the murine host to
deal with dengue infection (27). Here, protection occurred
without loss of control of viral replication and there was signif-
icant production of IFN-vy both in PAFR '~ and PAFR antag-
onist-treated mice. Overall, the production of IFN-y was greater
in drug-treated than in PAFR ™/~ mice, an observation that may
account for the better clinical outcome and lower viral loads in
the drug-treated animals. Previous studies have suggested that
early PAFR activation may facilitate the production of IFN-y in
response to certain infections, including that caused by Leish-
mania (28). In mice given the PAFR antagonist, the compound
was started 5 days after disease induction. As PAFR antagonist-
treated mice had better hemodynamic status (see Fig. 5H), this
may have contributed to the better overall function of the
immune system and production of IFN-vy in drug-treated ani-
mals. Further studies are necessary to detail mechanisms of
IFN-v in dengue infected mice. However, altogether our data
suggest that PAFR is a disease-associated gene but it is not
essential for the ability of the murine host to control Dengue
infection.

In conclusion, our data provide strong evidence of the in-
volvement of PAFR in the pathogenesis of experimental dengue
infection in mice. The data also suggest that therapeutic use of
PAFR antagonists may be feasible in humans, as this class of
compounds prevents the manifestations and lethality of dengue
infection even when given days after the onset of disease. In this
regard, it is worth to mention that UK-74,505, the PAFR
antagonist used in the present study, has a good safety profile
and has been shown to effectively block the PAFR in humans
when given orally (29). It is, hence, possible that therapeutic use
of PAFR antagonists in humans may ameliorate manifestations
of dengue and prevent evolution to severe disease.

Methods

Animals. Eight- to 10-week-old BALB/c (WT) and PAFR~/~ (9) mice were a kind
gift from Professor Takao Shimizu (University of Tokyo) and were bred and
maintained under SPF conditions at Instituto de Ciéncias Bioldgicas. All pro-
cedures described here had prior approval from the local animal ethics com-
mittee.

Virus. Dengue virus 2 (DEN-2) was adapted as previously described (8) and
stored as 10% brain suspension at —70 °C. Normal mouse brain suspension
prepared in a similar way was used as control of the infection. In some
experiments, the suspension of the adapted DEN-2 virus was UV-irradiated
(exposure of virus stock for 7 min to a UV lamp producing irradiation pre-
dominantly at 365 nm) or incubated at 56 °Cfor 1 h before inoculation of mice.
The titer of the DEN-2 stock was 105 LDso/mL brain suspension, as calculated in
8-to 10-week-old BALB/c mice. Virus titer in tissues and blood was determined
by plaque assay using the LLC-MK2 cell line. The limit of detection of the assay
was 100 PFU per gram of tissue weight or per mL blood.

Monolayers of Aedes albopictus C6/36 cell line were infected with DEN-2 at
a multiplicity of infection of 0.05 PFU/cell and incubated at 28 °C for 5-7 days.
The cultured medium was harvested after a cytopathic effect was noticed and
cell debris removed by centrifugation. The virus supernatant was collected
and stored at —70 °C until use.

Experimental Procedure. Experiments were performed in a BSL-2 facility.
Virus-containing brain suspensions were diluted in endotoxin-free PBS and
injected i.p. into mice. Lethality rates evaluated every 12 h and other param-
eters evaluated at 3, 5, or 7 days after viral inoculation. In all experiments using
PAFR~/~ mice, experiments with the relevant WT controls were performed in
parallel. The PAFR antagonist UK-74,505 (10 mg/kg/dose) (29, 30) or vehicle
(HCI 0.1%) were given orally twice a day from day 0, 3, 5, or 7 after infection.
Mice were also treated with the structurally-distinct PAFR antagonist PCA-
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4248 (5 mg/kg/dose, s.c., B.1.D) (23). In some experiments, mice were pre-
treated with non-immune serum or serum (1 single dose of 100 uL of 1:10
dilution of stock serum in PBS, i.p., 60 min before inoculation) obtained from
Rhesus monkeys previously infected with a known DEN-2 strain (31) (kindly
donated by Dr Ricardo Galler, Fiocruz, Brazil).

Evaluation of Clinical and Hematologic Parameters. Mechanical hypernocicep-
tion was performed as previously described (32). Results (A withdrawal thresh-
old) are expressed by subtracting the value obtained on day 0 from the value
obtained at a given day. Blood pressure in anesthetized mice (ketamine 62.5
mg/kg and xylazine 12.5 mg/kg) was monitored via a carotid cannula con-
nected to a pressure transducer and data acquisition system (PowerLab, AD
Instruments) at day 7 after inoculation of 100 LDsy of DEN-2 virus. Body
temperature was measured by biotelemetry (SubCue Datalogger) at 5-min
intervals for 7 days. Blood was obtained from the brachial plexus in heparin-
containing syringes at the indicated times. Platelets were counted in a Coulter
Counter (S-Plus Jr) and hematocrit in a hematocrit centrifuge. The extravasa-
tion of Evans blue dye into the tissues was used as an index of increased
vascular permeability, as previously described (24). The concentration of
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TNF-q, IFN-v, IL-6, IL-10, and CXCL1 in serum and tissue samples was measured
using commercially available antibodies (R&D Systems).

Histopathology. A portion of liver and brain was from infected mice was fixed
in 10% buffered formalin and embedded in paraffin. Tissue sections (4-um
thick) were stained with hematoxylin and eosin (H&E) and examined under
light microscopy.

Statistical Analysis. Results are shown as means = SEM. Percent inhibition was
calculated by subtracting the background values obtained in non-infected
animals. Differences were compared by using analysis of variance (ANOVA)
followed by Student-Newman-Keuls post-hoc analysis. Differences between
lethality curves were calculated using Log rank test (Graph Prism Software
4.0). Results with a P < 0.05 were considered significant.
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