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Background. Vascular leakage and shock are the major causes of death in patients with dengue hemorrhagic
fever (DHF) and dengue shock syndrome (DSS). Thirty years ago, complement activation was proposed to be a
key underlying event, but the cause of complement activation has remained unknown.

Methods. The major nonstructural dengue virus (DV) protein NS1 was tested for its capacity to activate human
complement in its membrane-associated and soluble forms. Plasma samples from 163 patients with DV infection
and from 19 patients with other febrile illnesses were prospectively analyzed for viral load and for levels of NS1
and complement-activation products. Blood and pleural fluids from 9 patients with DSS were also analyzed.

Results. Soluble NS1 activated complement to completion, and activation was enhanced by polyclonal and
monoclonal antibodies against NS1. Complement was also activated by cell-associated NS1 in the presence of
specific antibodies. Plasma levels of NS1 and terminal SC5b-9 complexes correlated with disease severity. Large
amounts of NS1, complement anaphylatoxin C5a, and the terminal complement complex SC5b-9 were present
in pleural fluids from patients with DSS.

Conclusions. Complement activation mediated by NS1 leads to local and systemic generation of anaphylatoxins
and SC5b-9, which may contribute to the pathogenesis of the vascular leakage that occurs in patients with DHF/

DSS.

Dengue hemorrhagic fever (DHF) and dengue shock
syndrome (DSS) are severe forms of dengue virus (DV)
infection and are still one of the leading causes of mor-
bidity and mortality in children of school age in tropical
and subtropical regions. Major pathophysiological pro-
cesses that distinguish DHF/DSS from mild dengue fe-

Received 30 June 2005; accepted 28 October 2005; electronically published 9
March 2006.

Reprints or correspondence: Dr. Sucharit Bhakdi, Institute of Medical Mi-
crobiology and Hygiene, Hochhaus am Augustusplatz, 55101 Mainz, Germany
(sbhakdi@uni-mainz.de); or Dr. Prida Malasit, Medical Molecular Biology Unit,
Office for Research and Development and Dept. of Immunology, Siriraj Hospital,
Mahidol University, Bangkok-noi, Bangkok 10700, Thailand (sipml@mahidol.ac.th).

The Journal of Infectious Diseases 2006;193:1078-88
© 2006 by the Infectious Diseases Society of America. All rights reserved.
0022-1899/2006/19308-0005$15.00

ver are abrupt onset of vascular leakage, hypotension,
and shock, which are accompanied by thrombocyto-
penia and hemorrhagic diathesis in the absence of any
characteristic histopathological vascular lesions [1, 2].

Four DV serotypes exist, and DHF/DSS occurs al-
most exclusively in patients who are reinfected with a
different virus serotype [3, 4]. An enigmatic dysfunc-
tion of the immune system then leads to enhanced viral
replication. This has been proposed to be due to an
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antibody-mediated increase in viral uptake in target cells [5, 6]
or to cross-depletion of protective CD8 lymphocytes [7]. High
viral loads and levels of circulating viral antigens are conse-
quently found in these patients [8—10].

Thirty years ago, accelerated complement consumption and
a marked reduction in plasma complement components were
observed during shock in patients with DSS [11, 12], which
led to the proposal that complement activation plays an im-
portant role in disease pathogenesis [13, 14]. In the following
decades, the thrust of international research shifted toward the
possible role of lymphocytes and cytokines [6, 15, 16], and the
cause of complement activation has remained unknown. Pre-
viously, we observed that surfaces of DV-infected cells bind DV
antibodies, which leads to complement activation and cytokine
secretion [17]. The search for the responsible viral antigen led
to NS1, a 45-kDa nonstructural protein that resides in the
plasma membrane of infected cells [18] and is also released in
oligomeric form to the extracellular milieu [19]. NS is strongly
immunogenic, and type-specific anti-NS1 antibodies play a role
in protection against disease [20-23]. High levels of NSI1 are
found in the circulation of DV-infected patients during the
acute phase of the disease [10, 24, 25].

We report that soluble NS1 (NS1s) and membrane-associated
NS1 (NS1m) activate human complement, that plasma levels
of NS1s and the terminal SC5b-9 complement complex cor-
relate with disease severity, and that massive complement ac-
tivation probably occurs at the sites of vascular leakage. Com-
plement anaphylatoxins and the terminal SC5b-9 complement
complex increase vascular permeability [26, 27], and SC5b-9
increases lung hydraulic conductivity [28]. A link thus emerges
between NSI1 level, complement activation, and the clinical
manifestation of DHF/DSS.

PATIENTS AND METHODS

Patient enrollment and study design. A total of 182 patients
admitted to the ward of Khon Khan Provincial Hospital, Thai-
land, between November 2001 and December 2003 who met
the following 2 sets of criteria were enrolled in this prospective
study. The first set of criteria included (1) age 1-15 years; (2)
pyrexia for not more than 4 days, with no obvious source of
infection; and (3) tourniquet test positivity or history of signs/
symptoms of bleeding/hemorrhagic diathesis. These patients
subsequently all tested positive for DV by reverse-transcription
polymerase chain reaction (RT-PCR), virus isolation, and DV
antibody ELISA profiling. The second set of criteria included
(1) age 1-15 years and (2) <3 days of fever with no obvious
source of infection. Patients who subsequently tested positive
for DV were included in the dengue fever (DF) and DHF
groups, whereas those with negative RT-PCR and DV antibody
results were assigned to the control “other febrile illness” (OFI)

group. Blood specimens were collected daily in 5 mmol/LEDTA
until 1 day after defervescence, and plasma samples were stored
at —70°C. DV infection was confirmed by measuring anti-DV
IgM/IgG and by RT-PCR [32]. Pleural fluid was aspirated only
in patients experiencing severe respiratory difficulty, as a part
of therapeutic measures to alleviate the pulmonary insufficiency
caused by rapidly accumulated fluid.

Grading of DHF followed World Health Organization criteria
[33]: DHF3 is assigned to patients with signs of circulatory failure,
DHF?2 is assigned to patients with spontaneous bleeding, and
DHF1 is assigned to patients with fever who are tourniquet-test
positive. Study day 0 was defined as the calendar day during
which the patient’s temperature fell and stayed below 37.8°C.
The study protocol was approved by the Ministry of Public
Health (approval date, 7 May 2003), the Faculty of Medicine
Siriraj Hospital (certificates of approval 156/2002 and 115/2004),
and the Khon Khan Hospital (approval date, 31 October 2002).
Informed consent was individually obtained from all subjects.

Reagents. 1gG from pooled convalescent-phase serum (PCS)
samples (hemagglutination titer, =1/25600) and control serum
samples (DV antibody—negative serum [DNS]) were purified
by protein G column chromatography (Pharmacia). NS1-spe-
cific monoclonal antibody (MAD) clones 2G6, 1A4, 1B2, 1F11,
2E11, and 2E3 have been described elsewhere [29].

Cells and viruses. 'The swine fibroblast cell line (PsCloneD)
and the insect cell line C6/36 were cultured at 37°C and 28°C,
respectively, in L-15 medium (Life Technologies) containing
10% tryptose phosphate broth (Sigma) and 10% fetal bovine
serum (FBS) (Hyclone). The human kidney epithelial cell line
HEK-293T was grown in RPMI 1640 (GIBCO) containing 10%
FBS, 100 U/mL penicillin, and 100 pg/mL streptomycin. DV
serotype 1 (DEN-1), DEN-2, DEN-3, and DEN-4 (strain Ha-
waii, 16681, H-87, and H-241, respectively) were propagated
in C6/36 cells [17].

Two HEK-293T cell lines expressing NS1 were conventionally
generated [30]. Cells were transfected with pcDNA3.1/Hygro
(Invitrogen) containing the coding sequence of NS1s (the com-
plete sequence of NS1) or NS1m (the complete NS1 sequence
connected to the 26-aa region at the N-terminus of NS2A).

NS1 purification. Fibroblast monolayers were infected with
DEN-1, -2, -3, and -4 at an MOI of 1 and were cultured in
protein-free medium (Ultradoma). Culture supernatants were
harvested 3 days later, centrifuged at 200,000 g, and subjected
to immunoaffinity chromatography with a column prepared
with anti-NS1 MAb 2Gé6.

For isolation of NS1s from transfected cells, culture super-
natants were harvested every 3 days and replaced with fresh
medium. Supernatants were passed through a 0.2-um filter be-
fore immunoaffinity chromatography. Purified NS1 was passed
over a protein G column twice to remove any traces of contam-
inating antibodies.
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NSI1 ELISA. Microtiter plates (Nunc) were coated with MAb
2E11 (5 pg/mL) overnight at 4°C. After blocking with PBS con-
taining 15% FBS, wells were washed 5 times with PBS/0.05%
Tween-20. Samples (100 uL) were added to each well and in-
cubated for 1 h at room temperature. After 5 washes, 100 uL of
MAD 2E3 (50 pug/mL) was added to each well and incubated for
1 h. The ELISA was developed conventionally, using horseradish
peroxidase—conjugated goat anti-mouse IgG (Sigma).

Assay for fluid-phase complement activation. Cell super-
natants or purified NS1s from DV-2 were incubated with 12.5%
normal human serum (NHS) (final concentration) in a 0.2-
mL total assay volume in the presence or absence of anti-DV
antibodies for 60 min at 37°C. Heat-inactivated serum or serum
containing 10 mmol/L EDTA served as a negative control. He-
molytic complement titers (CH,,) were determined in the con-
ventional manner. SC5b-9 measurements were performed us-
ing a commercial ELISA from Quidel.

Assay for complement activation on cells. HEK-293T cells
were infected with DV-2 at an MOI of 10 and were harvested
24 h after infection. DV-infected cells or cells expressing NS1m
(1 X 10°) were incubated with purified PCS, DNS, a mix of
anti-NS1 MAbs, or isotype controls, in the presence of 12.5%
NHS. Washed cells were incubated with a MAb against C3dg,
provided by P. J. Lachmann, or against SC5b-9 complexes (Qui-
del); this was followed by staining with fluorescein isothiocy-
anate (FITC)-labeled rabbit F(ab’), anti-mouse immunoglob-
ulin. Double staining for C3 and NS1 was performed by first
reacting cells with a mix of anti-NS1 MAbs at 37°C for 1 h.
After 1 wash, cells were fixed with 2% paraformaldehyde for
10 min and incubated with rabbit anti-human C3c and C3d
(Dakopatts). Stainings were developed with FITC-conjugated
swine anti-rabbit immunoglobulins (Dako) and Cy3-conjugated
goat anti-mouse immunoglobulin (Jackson Immuno Research
Laboratories). Washed cells were resuspended in 50% fluores-
cent mounting medium (Dako) and observed under a Zeiss
LSM 510 META confocal microscope (Carl Zeiss).

Quantitative RT-PCR. RNA was extracted from DV-in-
fected cell supernatants or patients’ plasma by use of QlAamp
Viral RNA Mini Kit (Qiagen), aliquoted, and stored at —70°
C. Viral RNA was quantified by a single-tube 1-step real-time
RT-PCR using a LightCycler instrument and software version
3.5 (Roche Molecular Biochemicals), as described by Shu et
al. [31].

Measurement of anaphylatoxins. C3a and C5a were quan-
tified using a commercial cytometric bead array kit (Becton
Dickinson).

Statistical analysis. Data analysis was performed using SAS
(version 8.1; SAS Institute). Viral load, NS1 level, and SC5b-9
level are presented as mean and SD and, in cases of skewness,
as median and range. The x* test and 1-way analysis of variance

were used to compare differences in sex and age, respectively,
between groups of patients.

Since viral load, NS1 level, and SC5b-9 level were repeatedly
observed over time and there were some missing data, a mixed
model (MixMod) was employed as a multivariate statistical
method. The purpose was to test the differences in patterns of
viral load, NSI level, and SC5b-9 level over time between dif-
ferent groups of patients. Under a random intercept model,
mixed models with day (—3, —2, —1, 0, 1, and 2) as a quan-
titative variable were fitted. Only patients with data on at least
3 consecutive days were included in the analysis. Since viral
load, NS1, and SC5b-9 were positively skewed, a common log
transformation was applied. Residual analysis was performed
to assure that model assumptions were satisfied. All analyzed
P values were 2-sided.

RESULTS

Study participants. The overall male-to-female ratio among
the 182 patients was 1:1, and the mean * SD age was 9.6 +
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Figure 1. A, SDS-PAGE of purified soluble NS1 from dengue virus (DV)}-
infected cells and from cells stably expressing NS1. Purified NS1 was
unheated or heated (at 95°C for 3 min) before SDS-PAGE. Markers are
shown. B, Standard curves for NS1 capture ELISA with purified NS1 from
DEN-1, -2, -3, and -4. Data points represent the mean and SD for 3 replicates.
The cutoff value was set at twice the mean optical density value for negative
control samples (mean + SD, 0.103 + 0.025).
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Figure 2. Complement activation by supernatants of dengue virus (DV)-infected cells. A, Dose dependency of spontaneous complement activation. The
given amounts of culture supernatants were mixed with 25 ul of normal human serum (NHS), and buffer was added to give a total of 200 ul/sample.
CHs, was determined after incubation at 37°C for 1 h. Data are displayed as the mean = SD of the percentage CHs, over serum controls from 3
independent experiments. Final concentrations of NS1 in the samples are given on the second Y-axis. B, Enhancement of complement activation by DV-
specific antibodies. Culture supernatants (100 ul) from DV-infected cells were mixed with purified antibodies from pooled convalescent-phase serum (PCS)
and DV antibody—negative serum (DNS) at the given final concentrations and 25 ul of NHS. CH,, was determined after 60 min at 37°C. Data are displayed
as the mean #+ SD of percentage CH,, over serum controls from 3 independent experiments. “0” indicates that the value of CH, in the DV experiment

was not detectable.

3 years (range, 2—15 years; median, 9 years). There were no
major differences in sex ratios and mean ages of patients in
each group. There were 49 patients with DF, 44 with DHFI,
44 with DHF2, 26 with DHF3/DSS, and 19 with OFIs. DV RT-
PCR results were positive for 151 (92.6%) of 163 patients in-
fected with DV. The virus types identified were DEN-1 (n =
87), DEN-2 (n = 52), DEN-3 (n = 6), and DEN-4 (n = 6).
Secondary infection was diagnosed in 148 patients (90.8%),
and primary infection was diagnosed in 15 patients (9.2%). Of
the primary infection cases, 67% were classified as DF (n =
10), and the rest were classified as DHF1 (n = 2), DHF2 (n
=2), or DHF3 (n = 1).

Purification of NS1s. Figure 1A depicts SDS-PAGE of pu-
rified NS1. As described by Winkler et al. [18], the 80-kDa
dimeric form was converted to the 40-kDa monomer by heat-
ing. The same bands appeared in Western blots with NSI-
specific MAbs (data not shown). The mean = SD NS1 level in
3-day supernatants of infected cells ranged from 900.3 *+ 46.7
to 10294 * 62.4 ng/mL, and the yield of NSI was 334 + 87.5

and 2374 + 38.5 pg/L of culture from DV-infected cells and
from NS1-transfected cells, respectively.

NS1 capture ELISA. Antibodies employed in the capture
ELISA cross-reacted with NS1 from all 4 DV serotypes. The
detection limit for NS1 was found to be ~50 ng/mL from DV-
1 and DV-2, 120 ng/mL for DV-3, and 160 ng/mL for DV-4
(figure 1B).

Activation of complement by NSIs. Supernatants from
DV-infected cells, but not from mock-infected cells, dose de-
pendently consumed complement in pooled human serum (fig-
ure 2A). Addition of purified immunoglobulin fractions from
PCS but not control DNS enhanced complement consumption
(figure 2B). An increase in complement activation was also
observed when a mix of MAbs against NS1 was employed (data
not shown).

NS1s purified from supernatants of infected cells also acti-
vated complement and caused a decrease in CH,, similar to
that caused by the unfractionated culture supernatants. Com-
plement activation occurred to completion with formation of
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Figure 3. Activation of complement to completion by purified dengue virus (DV) NS1 protein. A, Purified soluble NS1 from DV-infected cells (iNS1s) at
the given final concentrations was incubated in 12.5% normal human serum in the presence or absence of NS1-specific monoclonal antibody 2G6 (10 ug/
mL) or pooled convalescent-phase serum (PCS) (20 ug/mL) at 37°C for 1h, and the SC5b-9 level was measured. B, Purified soluble NS1 from NS1 stably
expressing cells (rNS1s) at the given final concentrations, tested for complement activation, as described in panel A. Equivalent concentrations of isotype
control antibody and DV antibody—negative serum (DNS) were used as controls. EDTA (10 mmol/L) was added to inhibit complement activation for negative
controls. Data are displayed as the mean = SD from 3 independent experiments.

SC5b-9 (figure 3A) and was enhanced by NSI-specific MAbs
and by purified immunoglobulin fractions from PCS but not
by isotype-control antibodies or by purified immunoglobulin
from DNS (figure 3A). Similar results were obtained with pu-
rified recombinant NS1s from transfected cells (figure 3B).
Fractions from the protein G columns containing little or no
NS1 had no complement-consuming activity.

Antibody dependency of complement activation by cell-as-
sociated NS1. NS1 was expressed on the surface of DV-in-
fected cells and on NS1m-transfected cells (figure 4A). When
DV-infected cells were incubated with 12.5% NHS, no com-
plement activation was observed, as was evident from nega-
tive staining for C3dg (data not shown) and C5b-9 (figure 4D)
on cell surfaces. However, the presence of purified antibodies

against NS1 triggered complement activation, as evidenced by
colocalization of complement C3 and NS1 on the cells (figure
4B). Similar results were obtained with purified immunoglob-
ulin from PCS (data not shown). Antibody-dependent com-
plement activation was induced by all 4 clones of NS1-specific
MAbs tested but not by isotype control antibodies. Colocali-
zation of NS1 and C3dg was also observed after antibody-
dependent complement activation on NS1m-transfected cells
(figure 4C). Parallel immunofluorescent staining for C5b-9 re-
vealed its deposition on the plasma membrane of DV-infected
(figure 4D) and transfected (data not shown) cells.

DV RNA, NSIs, and complement activation products in
clinical specimens. Measurements of DV RNA, NS1s, and
SC5b-9 were performed in a blinded manner. Figure 5 displays
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Figure 4. Activation of complement to completion by membrane-associated NS1 (NS1m) in the presence of NS1-specific antibodies. A, Surface expression
of dengue virus (DV) NS1 on DV-infected cells and on cells stably expressing NS1. Cells were stained with NS1-specific monoclonal antibody (MAb) 1A4,
followed by fluorescein isothiocyanate (FITC}-conjugated anti-mouse immunoglobulin. Histogram plots were determined from data acquired from 5000
events in viable cells. The representative set of histograms is derived from 1 of 3 independent experiments. Band C, Colocalization of NS1 and complement
C3 fragments on the surfaces of complement-attacked cells. DV-infected cells or cells expressing NS1m were incubated with 12.5% normal human serum
(NHS) in the presence of a mix of purified NS1-specific MAbs. After 1 h at 37°C, cells were stained with fluorescent-conjugated secondary antibodies
and observed by confocal microscopy. NS1 (Cy3; red) and complement (FITC; green) colocalized on the membranes. D, Formation of C5b-9 on cells. Mock-
or DV-infected cells were incubated with purified antibodies from pooled convalescent-phase serum (PCS) and DV antibody—negative serum (DNS) in the
presence of 12.5% NHS. The deposition of membrane attack complexes was detected by flow cytometry after staining with a MAb against C5b-9 and
FITC-conjugated secondary antibodies. Analysis was performed on 5000 viable cells. Data are displayed as themean + SD from 3 independent experiments.
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Figure 5. Viral loads, NS1 levels, and terminal SC5b-9 complexes in the
circulation of patients with dengue fever (DF) and dengue hemorrhagic fe-
ver (DHF) and dengue shock syndrome. Plasma samples were assayed for
dengue virus (DV) RNA levels by use of quantitative real-time reverse-
transcription polymerase chain reaction, and soluble NS1 and SC5b-9 com-
plexes were quantified by ELISA. Disease day 0 was defined as the calendar
day during which the temperature fell and stayed below 37.8°C. Plasma
samples from patients with acute febrile diseases other than dengue (other
febrile illnesses [OFIs]) were also used as controls. Plots show the mean
and SE. NS1 levels were not detectable in patients with OFls.

cross-sectional analysis of the mean and SD of each variable
(viral load, NS1 level, and SC5b-9 level) over time, based on
all available data. The highest viral loads were detected early
during clinical illness in all patients and gradually declined to
undetectable levels on day +1 in patients with DF or on day

+2 in patients with DHF (figure 5A), in accordance with pre-
vious reports [9, 34]. The mean =+ SD level of NS1s in patients
with DHF (383.9 & 620 ng/mL) was higher than that in patients
with DF (181.6 = 120 ng/mL) during acute illness (figure 5B).
NSI1 was undetectable in patients with OFIs. Similarly, mean
#+ SD plasma SC5b-9 levels were higher in patients with DHF
(306.9 = 174 ng/mL) than in patients with DF (225.3 & 97 ng/
ml) or OFIs (170.3 * 57 ng/mL) during acute illness (figure 5C).

Because of missing viral load, NS1 level, and SC5b-9 level
data at some time points, a mixed model of multivariate sta-
tistical analysis was applied. Only patients with at least 3 con-
secutive measurements were included in the analysis. This re-
sulted in 83 patients and 301 observations for viral load, 89
patients and 319 observations for NSI1 level, and 85 patients
and 312 observations for SC5b-9 level. Figure 6 displays plots
of predicted viral load, NS1 level, and SC5b-9 level obtained
from the quadratic mixed model against time.

Viral load for patients with DF, DHF1, DHF2, or DHF3 de-
creased over time (figure 6A). There was a statistically significant
difference in plasma viral load between patients with DF and
some groups of patients with DHF (DF vs. DHF1, P = .0856;
DF vs. DHF2, P = .0087; DF vs. DHF3, P = .0599) and between
patients with DF and all patients with DHF (P = .0035). How-
ever, no difference in viral load was found among the different
groups of patients with DHF (DHF1 vs. DHF2, P = .1790; DHF1
vs. DHF3, P = .3577; DHEF2 vs. DHF3, P = .4999).

NS1 levels significantly decreased over time in all groups of
patients with DHF, whereas, in patients with DF, NSI levels
increased slightly during early acute illness, with a peak at day
—1 or 0, and then gradually decreased (figure 6B). However,
no statistically significant difference was observed among pa-
tients with the 3 types of DHF (DHF1 vs. DHF2, P = .2811;
DHFI vs. DHF3, P = .3158; DHF2 vs. DHF3, P = .9123). The
pattern of change in NSI levels over time in patients with DF
was significantly different from that in patients with DHFI or
DHF2 (DF vs. DHFI1, P = .0002; DF vs. DHF2, P = .0042)
but not patients with DHF3 (P = .0761), which might have
been due to the small sample size of this group. When all types
of DHF were combined, a highly significant difference was
found between patients with DF and patients with DHF (P<
.0001). Importantly, levels of NS1 during the febrile phase (days
—3 to —1) could be used to differentiate between patients with
DF and all groups of patients with DHF (day —3 and —2,
P<.0001; day —1, P = .021).

SC5b-9 levels exhibited a similar pattern in patients with DF
and patients with DHF, reaching a peak at day —1 and day —2
for those with DF and those with DHE, respectively (figure 5C).
No complement activation was found in patients with OFIs.
Comparisons of SC5b-9 levels between patients with DF and
all patients with DHF and between patients with DF and pa-
tients with OFIs revealed a statistical difference (P<.0001).
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Figure 6. Predicted viral loads (A), NS1 levels (B), and SChb-9 levels
(C) from a mixed-model analysis. DF, dengue fever; DHF, dengue hem-
orrhagic fever; OFI, other febrile illness.

Levels of SC5b-9 observed during acute illness were highly
correlated with disease severity—that is, the levels in patients
with DHF3 were greater than those in patients with DHF2, and
the levels in patients with DHF2 were greater than those in
patients with DHF1 (DHF3 vs. DHEF2, P = .0052; DHF2 vs.
DHF1, P = .0507). Similar to NS1 levels, SC5b-9 levels in the
febrile phase of DHF were significantly higher than those in
patients with DF (day —3, P = .0001; day —2, P<.0001; day
—1, P = .0004). Unlike NSI levels, SC5b-9 levels could still be
used to differentiate between DF and DHF at the day of de-
fervescence (day 0, P = .0183).

NS1s and complement activation products in pleural fluids
from patients with DSS. NS1, C3a and C5a, and SC5b-9 were

measured in pleural fluids and in plasma from 9 patients with
DSS. Samples were collected at the day of shock or 1-2 days
later. The results are shown in table 1. Pleural fluid levels of
NS1 were similar to (patients 1-3) or higher than (patients 4—
6) those in plasma. Pleural fluid levels of SC5b-9 were markedly
higher than the plasma levels in all but 1 case. The mean =
SD SC5b-9 level in pleural fluids was 2575.9 = 1121 ng/mL
(range, 627-4865 ng/mL; median, 2312.5 ng/mL) and was sig-
nificantly higher than the mean = SD level in plasma (1546.3
+ 943 ng/mlL; range, 394-2935 ng/mL; median, 1722 ng/mL)
(P = .04). A similar trend was found for C5a: the mean = SD
level of this anaphylatoxin in pleural fluids was 474 * 61.1 ng/
mL (range, 7-227 ng/mL; median, 23 ng/mL) and was also
greater than that in plasma (25.6 = 33.9 ng/mL; range, 5-114
ng/mL; median, 15 ng/mL) (P = .34). Results obtained for C3a
were erratic, with no recognizable pattern (data not shown).

When the pleural fluid—to-plasma ratios of NS1, SC5b-9,
and Cb5a levels were plotted against the respective quotients for
albumin, almost all plotted values came to lie above the di-
agonal. This indicated relative accumulation of the analytes,
probably as a result of their local generation at the leakage site
(figure 7).

DISCUSSION

Two mutually nonexclusive mechanisms for immunological en-
hancement of infection have been proposed. The first involves
nonneutralizing, cross-reactive antibodies against DV enhanc-
ing the uptake of the virus into susceptible cells [5, 6]. The
second involves DV-specific CD8 lymphocytes undergoing ap-
optotic depletion when confronted with cells infected with the
heterotypic virus [7]. In both cases, a loss of immunological

Table 1. Measurements of NS1, C5a, SC5b-9, and albumin in
EDTA-treated plasma (P) and pleural fluid (PF) from 9 children
with dengue shock syndrome.

NS1 Cbha SC5b-9
level, level, level, Albumin
ng/mL ng/mL ng/mL level, g/L
Patient P PF P PF P PF P PF

117 139 10 16 876 1369 136 12.9
120 122 20 17 2935 3516 26.7 195
2333 2058 10 21 1801 3353 33 25
116 337 5 7 691 627 98 96
141 3234 15 49 1722 2307 103 17.3
117 220 28 50 394 2764 295 20.6
ND ND 19 14 1838 2270 134 37
ND ND 9 20 750 1869 1 1.5
ND ND 114 227 2910 4865 1.2 12

© 0 N O oA W N =

NOTE. ND, not detectable.
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Figure 7. Relative accumulation of NS1, SC5b-9, and C5a in pleural
fluids. The quotients between pleural fluid and plasma levels of these
analytes are plotted against the respective albumin quotients. Each sym-
bol represents 1 patient.

control over viral replication ensues. Indeed, the severity of
disease does correlate with viral load [8-10].

However, viral load alone does not explain why vascular
leakage should occur. In general, overproduction of cytokines
by DV-infected cells or by activated lymphocytes is widely be-
lieved to be critical [15, 16], and the possible relevance of
complement has received virtually no attention since 1973 [11].
We now propose that NS1, the major nonstructural DV protein,

is an important trigger for complement activation. Expression
of NS1 on infected cells may result in binding of heterotypic,
nonneutralizing antibodies and complement attack. Further-
more, NS1 released from infected cells can directly activate
complement in the fluid phase. NS1-mediated complement ac-
tivation occurs to completion. Membrane-associated C5b-9
might trigger cellular reactions and the production of inflam-
matory cytokines [35], and SC5b-9 can independently provoke
other local and systemic effects [27, 28, 36-38].

In accordance with results of a recent study in which similar
concentrations of NS1 were measured during early illness [10],
high levels of NS1 were detected in plasma from patients with
DHEF/DSS during the febrile phase. A novel finding here was
that plasma SC5b-9 levels followed a similar course and ap-
peared to correlate with disease severity. A major challenge for
the future will be to identify the major sites of DV infection
and to assess the local presence of complement activation prod-
ucts. According to one report, DV antigen is present in alveolar
macrophages and endothelial cells of the lung [39], which
would fit nicely with our finding that pleural fluids from pa-
tients with DSS contain high levels of NSI and SC5b-9 and
that quotients formed between SC5b-9 in pleural fluids versus
plasma are higher than the corresponding albumin ratios. It
follows that local complement activation likely occurs at these
sites, and C5a was indeed detected at high levels in pleural
fluids. Although anaphylatoxins bind to cells and are also rap-
idly inactivated in vivo, the terminal SC5b-9 complex is stable.
The half-life in plasma is ~1 h [40, 41], but it is probably
considerably longer in closed compartments. SC5b-9 enhances
endothelial permeability in vitro and in vivo at a concentration
of just a few micrograms per milliliter [27]. These concentra-
tions were reached in the pleural fluids from 8 of the 9 patients
in this study.

A unifying concept can thus be formulated to explain the
pathogenesis of vascular leakage in DHF/DSS. The antibody
response to a primary infection generates nonneutralizing an-
tibodies against heterotypic DVs. Viral replication is augmented
because of immunological enhancement during secondary in-
fections. Although it is not excluded that other viral proteins
may contribute to complement activation, all of the results of
the present study implicate a major role for NS1. The protein
is released in copious amounts from infected cells and is prob-
ably identical to the soluble viral antigen that was reported in
1970 to bind anti-DV antibodies and activate guinea pig com-
plement [42, 43]. At the same time, antibodies against NS1
direct complement attack to the infected cells, causing gener-
ation of membrane-damaging C5b-9 and bystander SC5b-9
complexes. DV infection may also induce the production of
inflammatory cytokines, and interleukin-8 and RANTES have
been found in high concentrations in pleural fluids from pa-
tients with DSS [17]. Complement-activation products and cy-
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tokines may synergize locally to incur vascular leakage. Pending
availability of bedside assays, it should become possible to es-
tablish whether plasma levels of NS1 and/or SC5b-9 can serve
as predictive markers, allowing patients at high risk for devel-
oping vascular leakage to be identified before the manifestation
of the catastrophic events that claim the lives of so many chil-
dren around the globe.

Acknowledgments

We thank Ladda Damrikarnlerd and Siraporn Sawasdivorn for managing
the dengue clinical database, Kerstin Paprotka for excellent technical assis-
tance, Steffen Schmitt for advice and help in performing anaphylatoxin cy-
tometric bead analysis, and Suchitra Nimmannittya for valuable discussions
on the history of dengue research. We also thank Peter J. Lachmann for
providing C3dg-specific monoclonal antibodies (clone 9), Ananda Nisalak
for pooled convalescent-phase serum and dengue virus antibody—negative
serum, and Ronnachai Viriyataveekul for reagents used for CH,, tests.

References

1. Nimmannitya S. Clinical spectrum and management of dengue hae-
morrhagic fever. Southeast Asian ] Trop Med Public Health 1987;18:
392-7.

2. Bhamarapravati N, Tuchinda P, Boonyapaknavik V. Pathology of Thai-
land haemorrhagic fever: a study of 100 autopsy cases. Ann Trop Med
Parasitol 1967;61:500-10.

3. Sangkawibha N, Rojanasuphot S, Ahandrik S, et al. Risk factors in
dengue shock syndrome: a prospective epidemiologic study in Rayong,
Thailand. I. The 1980 outbreak. Am J Epidemiol 1984; 120:653—69.

4. Guzman MG, Kouri G, Valdes L, et al. Epidemiologic studies on dengue
in Santiago de Cuba, 1997. Am ] Epidemiol 2000; 152:793-9.

5. Halstead SB, O’Rourke EJ. Dengue viruses and mononuclear phago-
cytes. I. Infection enhancement by non-neutralizing antibody. ] Exp
Med 1977;146:201-17.

6. Halstead SB. Pathogenesis of dengue: challenges to molecular biology.
Science 1988;239:476-81.

7. Mongkolsapaya J, Dejnirattisai W, Xu XN, et al. Original antigenic sin
and apoptosis in the pathogenesis of dengue hemorrhagic fever. Nat
Med 2003;9:921-7.

8. Vaughn DW, Green S, Kalayanarooj S, et al. Dengue viremia titer,
antibody response pattern, and virus serotype correlate with disease
severity. ] Infect Dis 2000; 181:2-9.

9. Murgue B, Roche C, Chungue E, Deparis X. Prospective study of the
duration and magnitude of viraemia in children hospitalised during
the 1996-1997 dengue-2 outbreak in French Polynesia. ] Med Virol
2000; 60:432-8.

10. Libraty DH, Young PR, Pickering D, et al. High circulating levels of
the dengue virus nonstructural protein NS1 early in dengue illness
correlate with the development of dengue hemorrhagic fever. J Infect
Dis 2002;186:1165-8.

11. Bokisch VA, Top FH Jr, Russell PK, Dixon FJ, Muller-Eberhard HJ.
The potential pathogenic role of complement in dengue hemorrhagic
shock syndrome. N Engl ] Med 1973;289:996-1000.

12. Pathogenetic mechanisms in dengue haemorrhagic fever: report of an
international collaborative study. Bull World Health Organ 1973;48:
117-33.

13. Malasit P. Complement and dengue haemorrhagic fever/shock syn-
drome. Southeast Asian ] Trop Med Public Health 1987;18:316-20.

14. Bhakdi S, Kazatchkine MD. Pathogenesis of dengue: an alternative
hypothesis. Southeast Asian ] Trop Med Public Health 1990;21:652-7.

15.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Kurane I, Rothman AL, Livingston PG, et al. Immunopathologic mech-
anisms of dengue hemorrhagic fever and dengue shock syndrome. Arch
Virol Suppl 1994; 9:59-64.

. Halstead SB. Antibody, macrophages, dengue virus infection, shock,

and hemorrhage: a pathogenetic cascade. Rev Infect Dis 1989; 11(Suppl
4):5830-9.

. Avirutnan P, Malasit P, Seliger B, Bhakdi S, Husmann M. Dengue virus

infection of human endothelial cells leads to chemokine production,
complement activation, and apoptosis. ] Immunol 1998; 161:6338—46.
Winkler G, Maxwell SE, Ruemmler C, Stollar V. Newly synthesized den-
gue-2 virus nonstructural protein NSI is a soluble protein but becomes
partially hydrophobic and membrane-associated after dimerization. Vi-
rology 1989;171:302-5.

Flamand M, Megret F, Mathieu M, Lepault J, Rey FA, Deubel V. Dengue
virus type 1 nonstructural glycoprotein NS1 is secreted from mam-
malian cells as a soluble hexamer in a glycosylation-dependent fashion.
] Virol 1999; 73:6104-10.

Schlesinger JJ, Brandriss MW, Walsh EE. Protection of mice against
dengue 2 virus encephalitis by immunization with the dengue 2 virus
non-structural glycoprotein NS1. J Gen Virol 1987; 68:853—7.
Henchal EA, Henchal LS, Schlesinger JJ. Synergistic interactions of anti-
NS1 monoclonal antibodies protect passively immunized mice from
lethal challenge with dengue 2 virus. ] Gen Virol 1988;69:2101-7.
Falgout B, Bray M, Schlesinger JJ, Lai CJ. Immunization of mice with
recombinant vaccinia virus expressing authentic dengue virus non-
structural protein NSI protects against lethal dengue virus encephalitis.
] Virol 1990; 64:4356—63.

Qu X, Chen W, Maguire T, Austin F. Immunoreactivity and protective
effects in mice of a recombinant dengue 2 Tonga virus NSI protein
produced in a baculovirus expression system. ] Gen Virol 1993; 74:89-97.
Young PR, Hilditch PA, Bletchly C, Halloran W. An antigen capture
enzyme-linked immunosorbent assay reveals high levels of the dengue
virus protein NS1 in the sera of infected patients. J Clin Microbiol
2000; 38:1053—7.

Alcon S, Talarmin A, Debruyne M, Falconar A, Deubel V, Flamand M.
Enzyme-linked immunosorbent assay specific to dengue virus type 1
nonstructural protein NS1 reveals circulation of the antigen in the
blood during the acute phase of disease in patients experiencing pri-
mary or secondary infections. J Clin Microbiol 2002;40:376-81.
Hugli T, Muller-Eberhard HJ. Anaphylatoxins: C3a and C5a. Adv Im-
munol 1978;26:1-55.

Bossi E, Fischetti F, Pellis V, et al. Platelet-activating factor and kinin-
dependent vascular leakage as a novel functional activity of the soluble
terminal complement complex. ] Immunol 2004; 173:6921-7.
Ishikawa S, Tsukada H, Bhattacharya J. Soluble complex of complement
increases hydraulic conductivity in single microvessels of rat lungs. J
Clin Invest 1993;91:103-9.

Puttikhunt C, Kasinrerk W, Srisa-ad S, et al. Production of anti-dengue
NS1 monoclonal antibodies by DNA immunization. J Virol Methods
2003;109:55-61.

Sambrook J, Russell DW. Introducing cloned genes into cultured mam-
malian cells: calcium-phosphate-mediated transfection of eukaryotic
cells with plasmid DNAs. 3th ed. New York: Cold Spring Harbor Lab-
oratory Press, Cold Spring Harbor, 2001.

Shu PY, Chang SF, Kuo YC, et al. Development of group- and serotype-
specific one-step SYBR green I-based real-time reverse transcription-
PCR assay for dengue virus. J Clin Microbiol 2003;41:2408-16.
Yenchitsomanus PT, Sricharoen P, Jaruthasana 1, et al. Rapid detection
and identification of dengue viruses by polymerase chain reaction
(PCR). Southeast Asian ] Trop Med Public Health 1996;27:228-36.
Dengue haemorrhagic fever: diagnosis, treatment, prevention and con-
trol. Geneva: World Health Organization, 1997.

Sudiro TM, Zivny ], Ishiko H, et al. Analysis of plasma viral RNA
levels during acute dengue virus infection using quantitative competitor
reverse transcription-polymerase chain reaction. ] Med Virol 2001; 63:
29-34.

Pathogenesis of Dengue Hemorrhagic Fever « JID 2006:193 (15 April) « 1087

220z 1snbny |z uo1senb Aq L9G/6/8201/8/S6 L/alo1ue/pil/woo dno-olwepeoe//:sdiy wou) papeojumod



35.

36.

37.

38.

39.

Morgan BP. Regulation of the complement membrane attack pathway.
Crit Rev Immunol 1999; 19:173-98.

Tedesco F, Pausa M, Nardon E, Introna M, Mantovani A, Dobrina A.
The cytolytically inactive terminal complement complex activates en-
dothelial cells to express adhesion molecules and tissue factor procoag-
ulant activity. ] Exp Med 1997;185:1619-27.

Dobrina A, Pausa M, Fischetti F, et al. Cytolytically inactive terminal
complement complex causes transendothelial migration of polymor-
phonuclear leukocytes in vitro and in vivo. Blood 2002;99:185-92.
Casarsa C, De Luigi A, Pausa M, De Simoni MG, Tedesco E Intracere-
broventricular injection of the terminal complement complex causes in-
flammatory reaction in the rat brain. Eur ] Immunol 2003;33:1260-70.
Jessie K, Fong MY, Devi S, Lam SK, Wong KT. Localization of dengue

40.

41.

42.

43.

virus in naturally infected human tissues, by immunohistochemistry
and in situ hybridization. ] Infect Dis 2004; 189:1411-8.

Hugo F Berstecher C, Kramer S, Fassbender W, Bhakdi S. In vivo
clearance studies of the terminal fluid-phase complement complex in
rabbits. Clin Exp Immunol 1989;77:112—6.

Greenstein JD, Peake PW, Charlesworth JA. The kinetics and distri-
bution of C9 and SC5b-9 in vivo: effects of complement activation.
Clin Exp Immunol 1995; 100:40—6.

Brandt WE, Chiewslip D, Harris DL, Russell PK. Partial purification
and characterization of a dengue virus soluble complement-fixing an-
tigen. ] Immunol 1970;105:1565-8.

McCloud TG, Brandt WE, Russell PK. Molecular size and charge re-
lationships of the soluble complement-fixing antigens of dengue vi-
ruses. Virology 1970;41:569-72.

1088 « JID 2006:193 (15 April) * Avirutnan et al.

220z 1snbny |z uo1senb Aq L9G/6/8201/8/S6 L/alo1ue/pil/woo dno-olwepeoe//:sdiy wou) papeojumod



