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Abstract

Flavivirus nonstructural protein 1 (NS1) is a unique secreted non-structural glycoprotein.
Although it is absent from the flavivirus virion, intracellular and extracellular forms of NS1 have
essential roles in viral replication and the pathogenesis of infection. The fate of NS1 in insect cells
has been more controversial, with some reports suggesting it is exclusively cell-associated. Here,
we confirm NS1 secretion from cells of insect origin and characterize its physical, biochemical,
and functional properties in the context of dengue virus (DENV) infection. Unlike mammalian
cell-derived NS1, which displays both high mannose and complex type N-linked glycans, soluble
NS1 secreted from DENV-infected insect cells contains only high mannose glycans. Insect cell-
derived secreted NS1 also has different physical properties including smaller and more
heterogeneous sizes, and the formation of less stable NS1 hexamers. Both mammalian and insect
cell-derived NS1 bind to complement proteins C1s, C4 and C4 binding protein as well as to a
novel partner, mannose-binding lectin (MBL). Binding of NS1 to MBL protects DENV virus
against MBL-mediated neutralization by the lectin pathway of complement activation. As we
detected secreted NS1 and DENV virus together in the saliva of infected Aedes aeqypti
mosquitoes, these findings suggest a mechanism of viral immune evasion at the very earliest phase
of infection.
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INTRODUCTION

Dengue fever, dengue hemorrhagic fever, and dengue shock syndrome have increased
markedly due to the global spread of dengue virus (DENV) and the expansion of its
mosquito vectors, Aedes aegyptiand Aedes albopictus. DENV is now the most important
viral illness transmitted by insects (1) with an estimated 390 million infections per year (2).
DENV belongs to the genus Flavivirus of the Flaviviridae family. It is a positive sense single
stranded enveloped RNA virus with an approximately 11-kilobase genome encoding three
structural proteins [capsid (C), pre-membrane/membrane (prM/M), and envelope (E)] and
seven nonstructural (NS) proteins (NS1, NS2a, NS2b, NS3, NS4a, NS4b, and NS5) that are
absent from the virion but function in viral replication and immune evasion within an
infected cell. Among the NS proteins, only NS1 is displayed on cell surfaces and secreted
from infected cells. DENV NS1 is a 46-kDa glycoprotein with two N-linked glycans and
originally was described as a soluble complement-fixing antigen (3). DENV NS1 also
functions intracellularly as a co-factor for viral replication by interacting with other
structural and non-structural proteins, although the mechanistic basis for this activity
remains poorly understood (4, 5).

NS1 is postulated to contribute to the pathogenicity of dengue diseases. High plasma levels
of NS1 and terminal complement complexes C5b-9 observed in DENV-infected patients
correlate with the development of severe dengue disease (6). Soluble NS1 enhances
infection in hepatocyte cell lines (7), elicits autoantibodies that cross-react with platelets and
extracellular matrix proteins, and promotes endothelial cell damage via antibody-dependent
complement-mediated cytolysis (8-10). Moreover, soluble NS1 facilitates immune complex
formation and complement activation, which can trigger microvesicle shedding from
erythrocytes (6, 11). Soluble hexameric NS1 associates with lipids and forms lipoprotein
particles that can impact vascular endothelial function and integrity (12, 13). Binding of
soluble NS1 to endothelial cells triggers TLR-2, TLR-4, and TLR-6 activation resulting in
proinflammatory cytokine generation and loss of endothelial cell junction integrity (13-15).
Soluble NS1 also binds back to the plasma membrane of cells through an interaction with
specific sulfated glycosaminoglycans (GAGs) (16), which could contribute to tissue-specific
vascular leakage that occurs during a severe secondary DENV infection (6, 17). Moreover,
NS1 has a separate immune evasion activity as it antagonizes complement activation, which
limits inhibitory effects on flavivirus infection (18-20).

Previous studies have reported that flavivirus-infected mammalian but not insect cells
secrete NS1 into the extracellular milieu (4, 18, 19). However, using a more sensitive assay
for NS1 detection, we and others have detected NS1 in the culture supernatants of DENV-
infected insect cells including Spodoptera frugiperaa cells (20) and Aedes albopictus
mosquito-derived C6/36 cells (21). The presence of NS1 in the culture medium of insect
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cells was not due to lysis but rather an active process requiring N-linked glycosylation and
the protein secretory pathway. Here, we investigated the physical and functional properties
of NS1 secreted from DENV-infected insect cells. We showed that soluble NS1 from DENV-
infected insect cells, analogous to mammalian-cell derived NS1, formed hexamers and
bound to human complement components C1s, C4, and C4b binding protein to restrict
classical pathway-dependent complement activation. We also observed a novel complement
evasion function of NS1 via an interaction with mannose binding lectin (MBL) to protect
DENV from MBL-mediated neutralization. Finally, along with DENV, NS1 was detected in
the saliva of infected mosquitoes suggesting a potential role for limiting complement
recognition and activation at the site of the mosquito bite.

MATERIALS AND METHODS

Cells and viruses

DENV NS1

All transformed cell lines were obtained from the ATCC. Three insect cell lines, the C6/36
clone of Aedes albopictus cells, the AP-61 cell line from Aedes pseudoscutellaris, and the
TRA-284 cell line from Toxorhynchites amboinensis were grown in L-15 Medium (Gibco)
supplemented with 10% tryptose phosphate broth (TPB, Sigma) and 10% fetal bovine serum
(FBS, Hyclone) at 28°C. The swine fibroblast cell line (PscloneD) was grown in L-15
medium supplemented with 10% TPB and 10% FBS at 37°C. BHK and Vero cell lines were
cultured in Dulbecco's Modified Eagle's medium (DMEM) supplemented with 10% FBS, 50
mM HEPES, 4 mM L-glutamine, 100 units/ml penicillin G, and 100 pug/ml streptomycin
sulfate and complete MEM medium at 37°C. BHK cells that stably propagate a DENV-2
subgenomic replicon (BHK DENV-2 Rep cells (22)) were grown in DMEM containing 10%
FBS and 3 pg/ml puromycin (Sigma).

Dengue virus (DENV) serotype 2 strain 16681 was propagated in C6/36 cells (17). DENV
titer was determined by focus-forming assay (FFA) on Vero cells as previously described

).

Sources of insect cell-derived NS1 were from culture supernatants of 1) DENV-infected
C6/36 cells; 2) DENV-infected AP-61 cells; 3) DENV-infected TRA-284 cells; and 4)
DENV NS1 transfected Drosophila S2 cells. Mammalian cell derived DENV NS1 was
prepared from culture supernatants of serum-free DENV-infected PscloneD or Vero cells and
BHK DENV-2 Rep cells. For the PscloneD and Vero cells, cells were infected with DENV-2
at an MOI of 0.1 and cultured in serum-free L-15 medium. At 3 days post-infection, clarified
supernatants were collected, aliquotted and stored at —70°C until use. In some experiments,
supernatants were concentrated by ultrafiltration with a 30-kDa cut-off membrane
(Millipore). Levels of NS1 in culture supernatants were determined by quantitative NS1-
ELISA (6).

Drosophila S2 cells stably expressing recombinant NS1 of DENV-2 (S2-NS1 cells) were
generated following co-transfection of plasmids pMT/DV2NS1 (gene encoding NS1 protein
of dengue serotype 2 cloned into an expression vector, pMT/BiP/V/5-His) and pCoHygro
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after hygromycin drug selection. The resulting S2/DV2NS1 stable cells were induced by
CuSOQy for 5-7 days to produce and secrete S2-NS1 into serum-free culture supernatant. S2-
NS1 was purified subsequently by immunoaffinity chromatography using anti-NS1 mAb
2G6 coupled beads and eluted with 20 mM diethylamine in phosphate buffered saline (PBS)
(pH 11.3), as modified from a previously described protocol (6). Purified S2-NS1 possessed
similar physical characteristics to that of naturally produced viral NS1 including a heat-
sensitive dimeric form in SDS-PAGE and Western blot analysis and a hexameric form in
solution, as judged by size exclusion chromatography (Puttikhunt et al., unpublished data).

Soluble NS1 from DENV-infected C6/36 or \Vero supernatants was purified by affinity
chromatography. Briefly, one liter of DENV-infected C6/36 or Vero supernatants was
centrifuged at 13,000 x g for 10 min at 4°C before purification by monoclonal anti-NS1
antibodies (clone 2E11) conjugated to cyanogen bromide beads (6). Purified NS1 protein
was dialyzed against PBS and stored at —70°C until use.

DENV infection

C6/36 or PscloneD cells were infected with DENV at MOls of 0.01, 0.1 and 1.0. After viral
adsorption for 2 h at 37°C, cell monolayers were washed once with culture medium and
incubated for 2 days. Levels of NS1 and DENV in culture supernatants were determined by
NS1-ELISA (6) and FFA as described above. To determine cell viability, cells were
collected using a cell-scraper and washed twice with RPMI-1640 (Gibco) containing 1%
FBS, then 106 cells were added to 300 pl of RPMI-1640 containing 1% FBS and 0.1 ug
propidium iodide (Invitrogen) and analyzed by flow cytometry (BD Bioscience). To
determine viral antigen expression, cells were fixed and permeabilized with 3.7%
formaldehyde in PBS and 1% Triton X-100 in PBS prior to incubation with mAbs specific
for NS1 (clone 2G6) or E (clone 3H5) proteins. After three washes, the cells were incubated
with a rabbit anti-mouse immunoglobulin conjugated to fluorescein isothiocyanate (FITC)
(1:50, Dako) before analysis by flow cytometry.

NS1 in the culture supernatants of DENV-infected C6/36, AP-61 and TRA-284 cells was
concentrated by ultrafiltration as described above and analyzed by Western blotting with a
mADb specific for NS1, clone 1F11, and horseradish peroxidase (HRP)-conjugated anti-goat
IgG (GE Healthcare).

Native PAGE

Fifty-fold concentrated supernatants from DENV-infected C6/36 or PscloneD cells were
mixed with non-reducing sample buffer (40% glycerol, 0.02% bromophenol blue in 0.2 M
Tris-HCI, pH 6.8) without boiling. After separation in a 4-12% gradient native-
polyacrylamide gel (Native-PAGE) as previously described (23), Western blotting analysis
was performed with anti-DENV NS1 mAb as described above.

Size exclusion chromatography

Two hundred microliters of fifty-fold concentrated DENV-2 infected C6/36 or PscloneD
culture supernatants were loaded onto a Superdex 200 column (Pharmacia) at a rate of 0.4
ml/min. Thirty fractions (0.5 ml each) were collected and the NS1 concentration in each
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fraction was determined by NS1-ELISA (6). The reference protein size markers (0.5 mg/ml,
200 ), including thyroglobulin (Sigma), ribonuclease A (Pharmacia), bovine serum
albumin (Sigma), and human immunoglobulin (Alpha Therapeutic Corporation) were
separated in parallel.

Sucrose density gradient centrifugation

Fifty-fold concentrated DENV-infected C6/36 or PscloneD supernatant was loaded on top of
a 5% to 55% sucrose gradient (1 ml at each concentration with a 5% decrease in
concentration at each step) and centrifuged at 35,000 x g for 20 h at 4°C using an SW-40ti
rotor (Beckman, USA). One-milliliter fractions were collected from top to bottom. The
presence of NS1 in each fraction was detected by Western blotting with anti NS1 mAb
(clone 1F11).

NS1 deglycosylation

Fifty-fold concentrated culture supernatants from DENV-infected C6/36 or PscloneD cells
were subjected to digestion with Endo H or PNGase F (New England Biolabs) according to
the manufacturer's protocol. NS1 bands were determined by Western blotting assay as
described above.

Complement-NS1 binding ELISA

The binding of NS1 to complement proteins including proC1s, C4, C4BP, factor H, and
MBL was determined by ELISA as previously described (24). Briefly, microtiter plates were
coated with bovine serum albumin (BSA) or purified human complement C1s proenzyme
(proC1s), C4, C4BP, factor H and MBL (15 pg/ml in PBS). Nonspecific binding sites in
each well were blocked with 2% BSA in PBS before incubation with equal concentrations
(determined by NS1-ELISA) of NS1 in the culture supernatants from DENV-infected C6/36
or PscloneD cells, S2-NS1 cells or purified soluble NS1 from DENV-infected C6/36 or \ero
cells. The plates were incubated with 10 ug/ml of DENV NS1-specific polyclonal Abs
followed by biotinylated goat anti-mouse IgG (10 ug/ml, Sigma) and HRP-conjugated
streptavidin (2 pg/ml). The signal was developed with ortho-phenylene
diaminedihydrochloride (OPD, Sigma) and the reaction was terminated by the addition of
4M H,S04 before evaluation on a 96 well-plate reader at an O.D. of 492 nm. Five washes
with 0.05% Tween-20 in PBS were performed between each step. Mock-infected
supernatants from each cell type were used as negative controls.

NS1-MBL co-immunoprecipitation

One ml of NS1-containing supernatants was incubated with purified human MBL (0.75 ug,
Enzon, Inc.) at 4°C overnight and then immunoprecipitated with anti-NS1 mAb (2G6)-
Sepharose at 4°C overnight. After five washes, the samples were added to SDS sample
buffer and separated by 10% SDS-PAGE (reducing or non-reducing conditions). Western
blotting was performed using 0.2 pg/ml of mouse anti-human MBL mAb (Quidel) followed
by HRP-conjugated anti-mouse 1gG (GE Healthcare).
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Cell surface binding of secreted NS1

Binding of NS1 to cell surfaces was determined as previously described (16). Briefly, the
human keratinocyte cell line HaCat and BHK cells were removed from tissue culture plates
after incubation with an EDTA solution (4 mM EDTA plus 10% FBS in PBS). Cells (5 x
10°) in suspension were incubated on ice for 1 h with 100 pl of 2-fold serially diluted NS1-
containing culture supernatants from DENV-infected C6/36 and PscloneD or DENV NS1
transfected S2 cells. After washing once with 3 ml of medium, 50 pl of DENV-2 NS1
specific mAb 2G6 (10 pg/ml) was added to the cells and incubated on ice for 45 min. After
subsequent washing, bound primary mAbs were detected after a 30 min incubation with a
1:500 dilution of Alexa Fluor 647-conjugated anti-mouse 1gG (Invitrogen). In some
experiments, 10 pg/ml of heparin was added to inhibit NS1 binding. Propidium iodide (0.2
ug/ml) was added immediately before analysis by flow cytometry to exclude dead cells.

Recruitment of C4BP to the cell surface by soluble NS1

The experiments were performed as previously described (25). Adherent BHK or HaCat
cells were detached by an EDTA solution as described above. Concentrated serum-free
supernatants from S2-NS1 cells (containing 32 pg/ml NS1 as judged by NS1-ELISA) or
BSA (2.5 pg/ml) were mixed with C4BP (2.5 ug/ml) and the BSA-C4BP or NS1-C4BP
mixture was added to cells (1 x 106). After a 1 h incubation on ice, the cells were washed
three times with cold DMEM. Surface-bound C4BP and NS1 were detected after adding
mouse anti-DENV NS1 2G6 mAb (26) or mouse anti-human C4BP MK 104 mAb (27)
followed by a 1:500 dilution of Alexa Fluor 647-conjugated goat anti-mouse 1gG
(Invitrogen) and 0.2 pg/ml propidium iodide to exclude dead cells and analyzed by flow
cytometry. BHK cells were incubated with BSA, supernatants containing NS1 or C4BP
alone.

C4BP cofactor activity assay on the cell surface

Recruitment of C4BP by NS1 to the cell surface followed by measurement of the cofactor
activity of C4BP was performed according to a previous study (25). Briefly, serum-free
supernatants (200 pl) containing 12 pg/ml of NS1 from DENV-infected C6/36, DENV-
infected PscloneD cells or S2-NS1 cells were incubated with C4BP (2.5 pg/ml, 50 ul) for 1 h
on ice. Adherent BHK cells (1 x 10%) were detached by PBS supplemented with 8 mM
EDTA. Subsequently, 10% FBS was added to the C4BP solution (with or without NS1) and
incubated for 1 h on ice. After three washes with 1 ml DMEM at 4°C, cells were washed
with 1 ml dextrose veronal buffered saline (DVB, 2.5 mM veronal buffer pH 7.35, 25 mM
NaCl, and 240 mM glucose) at 4°C. C4b (400 ng) and factor | (200 ng) diluted in DVB were
added to cell pellets in a total volume of 50 ul. After a 15-min incubation at 37°C, cells were
pelleted and supernatants were mixed with SDS sample buffer supplemented with 2-
mercaptoethanol (5% v/v) and subjected to 12% SDS-PAGE. C4b fragmentation was
analyzed by Western blotting using a 1:2,000 dilution of anti-C4d monoclonal antibody
(Quidel) followed by a 1:5,000 dilution of HRP-conjugated anti-mouse 1gG.
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DENV-MBL binding ELISA

The binding of MBL to DENV was determined by a MBL-DENV capture ELISA as
previously described (28). Briefly, microtiter plates were adsorbed with an anti-DENV prM
protein-specific mAb 2H2 (10 pg/ml in PBS) (29) at 4°C overnight. DENV-2 stocks were
diluted in DMEM to 5 x 10° PFU/ml in 50 pl and added to the wells. After five washes,
MBL (3 pug/ml) diluted in binding buffer [20 mM Tris-HCI (pH 7.4), 0.05% Tween 20, 0.1%
(w/v) BSA, 1 M NaCl, and 10 mM CacCls,] together with 2-fold increasing concentrations
(0-50 ng/ml) of recombinant NS1 from S2 cell culture supernatants. After five washes,
DENV-bound MBL was detected with biotin-conjugated mouse anti-human MBL mAb (1
pg/ml, Cedarlane) followed by HRP-conjugated streptavidin (2 pg/ml). After six final
washes with PBS, the signal was detected as described above. For a negative control,
purified human MBL was diluted in 20 mM Tris-HCI (pH 7.4) and 150 mM NaCl
supplemented with 40 mM EDTA. In some experiments, NS1 was depleted by pre-
incubation of culture supernatants with anti-NS1 mAb (2E11)-Sepharose (100 pl of
supernatants per 30 ul of packed beads) at 4°C for 24 h. Anti-E mAb (4G2)-Sepharose was
used as negative controls for NS1 depletion condition.

Inhibition of MBL mediated neutralization of DENV by DENV NS1

Experiments showing the effect of NS1 on MBL-mediated neutralization of DENV were
modified from a previous paper (28). Briefly, 3 pg/ml of purified recombinant human MBL
was pre-incubated with 10-fold increasing concentrations [0-150 ng/ml in gelatin veronal
buffer supplemented with Mg?* and Ca%* (GVB**, Complement Technology)] of
recombinant NS1 from S2 cells at 4°C for 2 h. DENV (102 FFU) was incubated with an
MBL-NS1 mixture for 1 h at 37°C. Infectious DENV was quantified subsequently by FFA
(8) or plaque forming assay (28). In some experiments, NS1 in culture supernatants was
depleted as described above and MBL (3 pug/ml) premixed with purified hexameric NS1 (24)
(4, 21 and 43 pg/ml), thyroglobulin (10, 50 and 100 pg/ml), or BSA (1, 5 and 10 ug/ml) with
molar ratios of 1:1, 1:5, and 1:10 (MBL.:protein). Soluble mannan (100 pg/ml) was used as
an MBL inhibitor. To confirm this effect of NS1 derived from DENV-infected insect cells,
purified soluble NS1 from DENV-infected C6/36 was used. Briefly, MBL (2 pug/ml) was
premixed with purified soluble NS1 from DENV-infected C6/36 supernatant (0, 1, 2, 4, 8
and 16 pg/ml). An equal concentration of BSA was used as a negative control.

Virus attachment assay

The virus attachment assay was based on a published protocol (30) with some modifications.
DENV (10° FFU/ml) was incubated with or without 80 pg/ml MBL (diluted with GVB**)
together with purified NS1 (50 pg/ml) from NS1 transfected S2 cells or DENV-infected Vero
cells at 37°C for 1 h. The mixture was then added to a BHK cell suspension (4 x 103, MOI =
25) followed by a 2-h incubation on ice. Cells were washed five times with GVB™* prior to
RNA extraction using a conventional TRIzol-chloroform method. DENV genome copies per
cell were determined by real time RT-PCR with capsid specific primers using SYBR green
detection technique (6). The penultimate wash buffers were collected and subjected to RNA
extraction and virus quantitation as negative controls.

J Immunol. Author manuscript; available in PMC 2017 November 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Thiemmeca et al. Page 8

Detection of DENV and soluble NS1 in the saliva of infected mosquitoes

Laboratory-reared female Aedes aegypti mosquitoes were used in this experiment.
Mosquitoes were reared at 27°C + 2°C at 80% relative humidity under a photo regime of
12:12 h (light:dark). Larvae were fed with fish food (C.P. Hi Pro®) on a regular basis. Adults
were provided with 10% sucrose solutions as an energy source. Aedes aegypti females (4-6
day-old) were starved for 6 hours prior to the experiments.

Infectious blood meal comprising human blood mixed with DENV was used. Mosquitoes
were infected using a membrane feeding technique for 30 min. Glass feeders containing
infectious blood meal were maintained at 37°C during feeding using a water circulator
system. After feeding, mosquitoes were anesthetized using a chill table. The fully engorged
females were sorted and placed in new containers. Mosquitoes were incubated at 27°C + 2 at
80% relative humidity for 12 days and provided with sucrose soaked cotton balls until use.
After 12 days, mosquitoes were fed with fresh blood using a membrane feeding technique
for 30 min. After feeding, the remaining blood was collected and NS1 and DENV viral RNA
were determined by Western blotting, NS1-ELISA and semi-nested RT-PCR as previous
described (6, 31). Mosquitoes were anesthetized using a chill table. Approximately 50
mosquito salivary glands were dissected, smeared, and fixed on glass slides to determine
NS1 expression using an immunofluorescent staining assay as previously described (6).
Another 50 dissected salivary glands were lysed with 0.5% SDS sample buffer for 15 min
prior to 12% SDS-PAGE (heated and reduced conditions). Western blotting was performed
using anti-DENV NS1 mAb as described above.

Statistical analysis

Data sets were statistically analyzed using Prism software (GraphPad). The Kolmogorov
Smirnov test was used to test for normality. Comparisons between each group were done by
t-test when the distribution of the variables was comparable to a normal parametric
distribution; otherwise the Mann Whitney test was used. P < 0.05 was considered to be
statistically significant. All analyzed P values were 2-sided. All data were analyzed from 3
to 4 independent experiments.

RESULTS

Presence of extracellular NS1 in the culture supernatants of DENV-infected insect cells

Based on immunoprecipitation and Western blot analyses, it was believed previously that
NS1 was secreted only from flavivirus-infected mammalian but not insect cells (18, 19).
However, consistent with more recent studies (20, 21), our sensitive NS1 capture ELISA (6)
detected soluble NS1 in the culture supernatants of DENV-infected C6/36 Aedes albopictus
cells at 2 days post-infection albeit at lower levels than those from DENV-infected
mammalian cells, including PscloneD (a pig fibroblast) and BHK (a baby hamster kidney
fibroblast) cells (Fig. 1A). Increasing the inoculum of DENV virions per cell (multiplicity of
infection, MOI) did not affect cell viability at the time evaluated (Fig. 1B), but did increase
the percentage of cells infected as determined by intracellular staining with anti-NS1 (Fig.
1C) and anti-E (Fig. 1D) antibodies, virus production (Fig. 1E), and NS1 accumulation in
the supernatants (Fig. 1A). Although marginal differences in the percentage of infected cells
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and virion production were observed between DENV-infected insect and mammalian cells
(Fig. 1E), NS1 levels were higher (~2-fold, £=0.012) in the supernatants of infected
mammalian cells (Fig. 1A). These data imply that infected insect cells secrete NS1 less
efficiently than infected mammalian cells. Notably, there was a direct correlation between
the levels of NS1 in the supernatant and titers of infectious virus produced in all three cell
types (Fig. 1F-H).

To determine if NS1 secretion by mosquito cells was specific to Aedes albopictus cells, we
extended our study to cells of other mosquito species, including AP-61 and TRA-284, which
are derived from Aedes pseudoscutellaris and Toxorhynchites amboinensis, respectively.
These two cell lines have been shown to efficiently generate DENV progeny and are used to
isolate DENV from clinical specimens (32). Indeed, NS1 was detectable in the supernatants
of all types of DENV-infected mosquito cells (Fig. 11).

N-linked glycosylation is required for NS1 secretion from DENV-infected mosquito cells

N-linked glycosylation on NS1 is essential for its folding, surface expression, secretion, and
hexamer stabilization in mammalian cells (33, 34). To confirm that NS1 in the supernatants
of infected insect cells (Fig. 1A) was not caused by cell lysis, DENV-infected C6/36 cells (at
24 h post-infection) were washed extensively to remove NS1-containing culture medium and
treated with fresh medium containing tunicamycin, an inhibitor of N-linked glycosylation
(35, 36) (Fig. 2). NS1 accumulation in the supernatant of infected C6/36 cells was reduced
10-fold over a period of 6 h with tunicamycin treatment (10 ug/ml), compared to cells
treated with the vehicle control, dimethyl sulfoxide (DMSO) (P=0.02, Fig. 2A). Under
these conditions, virtually no differences in the percentages of DENV-infected cells were
observed (Fig. 2B-C) and, importantly, the intracellular expression levels of NS1 as
indicated by mean fluorescence intensity (MFI) between tunicamycin-treated and untreated
cells were equivalent (black bars, Fig. 2B). These data suggest that inhibition of N-linked
glycosylation by tunicamycin interfered only with extracellular NS1 secretion but not
intracellular NS1 or DENV infection. The decrease of NS1 secretion into the culture
supernatants was not due to cell death or cell cycle arrest as there was no difference in cell
viability and total cell number between tunicamycin-treated and DMSO-treated control cells
(Fig. 2D-E). Similar to NS1 secretion, and as reported previously (37, 38), levels of DENV
released into the supernatant also were reduced after tunicamycin treatment, suggesting that
N-linked glycosylation is necessary for the egress of DENV from infected C6/36 cells (Fig.
2F). Overall, our data indicate that DENV-infected insect cells can secrete NS1 into the
extracellular milieu and that this process requires N-linked glycosylation on the NS1
molecule.

Physical properties of secreted NS1 from DENV-infected insect cells

Despite the heterogeneous sizing profile of secreted flavivirus NS1 obtained from culture
supernatants of mammalian cells that stably propagate DENV or WNV subgenomic
replicons (16, 32), the main species of soluble NS1 is hexameric, which is similar to the
soluble NS1 generated by flavivirus-infected mammalian cells (18). The size of mosquito
cell-derived soluble NS1 was investigated by native gel electrophoresis, size exclusion
chromatography and sucrose density gradient centrifugation (Fig. 3). In native-PAGE
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analysis, secreted NS1 from DENV-infected C6/36 cells displayed three major bands,
similar to NS1 secreted from DENV-infected Vero cells (molecular weight ranged between
>200-660 kDa), but were slightly smaller in size and migrated faster in the gel [upper panel,
lane 1 (C6/36-NS1) versus lane 3 (Vero-NS1); Fig. 3A]. The size of extracellular NS1
released from Vero cells was slightly larger, likely due to the addition of complex type N-
linked glycans at position Asn130 of the NS1 molecule in the Golgi apparatus, which only
occurs in mammalian cells (39) (lower panel, lane 3 versus lanes 1, 2 and 4; Fig. 3A). In
contrast, intracellular NS1 derived from both DENV-infected mammalian and insect cells
appeared more heterogeneous showing broadly smeared bands on the native PAGE (upper
panel, lanes 2 and 4; Fig. 3A) whereas, in a regular SDS-PAGE under heat and reducing
condition, both secreted and cell-associated NS1 from insect and mammalian cells migrated
at 45-50 kDa (lower panel, Fig. 3A).

To analyze the oligomeric states of NS1 secreted from infected insect cells in more detail,
culture supernatants were subjected to size exclusion chromatography and sucrose density
gradient centrifugation in parallel with those from infected mammalian cells (Fig. 3B-C).
Consistent with secreted mammalian-cell derived NS1, the form of NS1 released from
DENV-infected C6/36 cells ranged from monomer to oligomer. However, insect-cell derived
NS1 exhibited a more heterogeneous profile with two separate peaks of monomer and
higher-order oligomer whereas the sizing profile of NS1 from infected mammalian cells
appeared as a broad single peak at around 44 to 660 kDa (Fig. 3B-C). Sucrose density
gradient centrifugation analysis revealed a high-molecular weight, and possibly aggregated,
form of insect-cell derived NS1, which was not observed in the supernatants of mammalian
cells (fraction no. 1, Fig. 3C). As we previously reported that the complex type N-linked
glycosylation at Asn130 is required for the stability of hexameric NS1 (34), and insect cells
lack glycosyltransferase enzymes that synthesize hybrid and complex type N-linked glycans
(40), we reasoned that the aggregated form of insect-cell derived NS1 was likely due to the
lack of complex type glycans.

The glycosylation state of DENV NS1 secreted from infected mosquito cells was further
analyzed by digestion with two glycosidase enzymes, endoglycosidase H (Endo H) which
removes high mannose-content sugars (41) and peptide N-glycosidase F (PNGase F), which
cleaves all types of N-linked glycans (42, 43). As expected, after digestion with either Endo
H or PNGase F, NS1 secreted from DENV-infected C6/36 cells had similar sizes in SDS-
PAGE (lanes 2 and 6, Fig. 3D), whereas Endo H digested DENV-infected mammalian cell-
derived NS1 had a band that was higher in molecular weight compared to PNGase F
digestion (lanes 4 versus 8, Fig. 3D). The presence of uncleaved NS1 after PNGase F
treatment was likely from inefficient digestion (upper bands, lanes 6 and 8, Fig. 3D). These
data confirm that secreted NS1 from DENV infected C6/36 cells had high-mannose type
glycosylation whereas mammalian-cell derived NS1 displayed both Endo H-sensitive high
mannose and Endo H-resistant complex type glycans.

Data from our previous study demonstrated that N-linked glycans regulate NS1 transport
through the secretory pathway and affect protein stability (34). We therefore tested the
stability of soluble NS1 protein derived from DENV-infected C6/36 and Vero cells by
incubating the supernatants in the presence of a protease inhibitor (10 mM PMSF) at either
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4°C or 37°C. The supernatants were collected daily for 3 days for NS1 quantification by
ELISA (Fig. 3E) and Western blotting assay (Fig. 3F). As expected, NS1 derived from
DENV-infected C6/36 cells which lacks complex-type N-linked glycans was degraded more
rapidly especially at 37°C, compared with NS1 derived from DENV-infected Vero cells (Fig.
3E-F).

Functional characteristics of secreted NS1 from DENV-infected insect cells

Soluble NS1 from DENV-infected mammalian cells has immune evasion properties, as it
directly antagonizes complement activation (24, 25); binding of DENV NS1 to C4 and
C1s/C1s proenzyme resulted in C4 degradation and decreased complement activation (24).
Additionally, DENV NS1 binds to C4b binding protein (C4BP), the major inhibitor of the
classical/lectin pathway of complement activation in plasma, to control the activation of
these pathways on cell surfaces (25). We hypothesize that insect-cell derived NS1 also has
complement inhibitory functions. In the skin, at the site of the mosquito bite in which both
DENV and, potentially soluble NS1 are simultaneously inoculated, complement antagonism
might prevent the recognition and immediate complement-dependent neutralization of
DENV and thus facilitate infection and spread.

To assess whether insect cell-derived NS1 could antagonize complement functions, we
initially determined its capacity to bind human complement proteins (Fig 4A). Using
comparable levels of NS1, as measured by ELISA (Fig. 4B), we observed that NS1 secreted
from two different cells of insect origin (DENV-infected C6/36 cells and Drosophila S2
transfected cells) bound human complement proteins including C1s pro-enzyme (proC1s),
C4, and C4BP to the same extent as mammalian cell-derived NS1 (Fig. 4A). As previously
observed, and in contrast to West Nile virus (WNV) NS1 (18), DENV NSL1 did not bind to
factor H, the major complement regulatory protein of the alternative pathway (Fig. 4A).

We next tested whether NS1 secreted from DENV-infected insect cells bound to the surface
of cells. Again, analogous to mammalian-cell derived NS1 (16), NS1 secreted from DENV-
infected and transfected insect cells bound to the surface of BHK cells in a dose-dependent
manner (Fig. 4C). This binding required glycosaminoglycans (GAGs) on the BHK cell
surface, as the soluble GAGs (e.g., heparin) competitively inhibited NS1 attachment to the
cells (Fig. 4C). A dose-dependent binding of soluble NS1 from three different sources
(DENV-infected mammalian PscloneD cells, DENV-infected insect C6/36 cells and S2-NS1
cells) also bound equivalently to the human skin keratinocyte cell line, HaCat (Fig. 4D).
Keratinocytes are one of the major target cells for flavivirus infection in the skin and the
cells also have immunomodulatory functions during virus inoculation by infected
mosquitoes (44-47). Importantly, the interaction of insect cell-derived NS1 with the
complement regulatory protein C4BP in solution led to the attachment of C4BP to the
plasma membrane via the cell binding property of NS1 (Fig. 4E). C4BP on cell surfaces that
was recruited by insect and mammalian cell-derived NS1 acted as a cofactor for factor | to
cleave the a” chain of C4b to inactive forms, the 70-kDa-partial-cleavage fragment a.3-C4d
and the final end product C4d (Fig. 4F, lanes 3 and 4; Fig. 4G). Of note, the 70-kDa partial
cleavage product a3-C4d, also was detected without NS1 (Fig. 4F, lane 5) suggesting a
small background interaction of C4BP with cells Fig. 4E, upper panel). However, C4d was
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not observed when NS1 or factor | was absent (Fig. 4F, lanes 1, 5 and 6). Collectively, these
experiments establish that NS1 secreted from insect cells behaves similarly to mammalian-
cell derived NS1 as it binds to cell surface glycosaminoglycans, specific human complement
proteins, and recruits C4BP through its cofactor activity to degrade C4b on the surface of
cells.

A novel antagonism function of soluble NS1: Inhibition of MBL mediated neutralization of
DENYV infection

Using a complement protein-binding ELISA, we observed that soluble NS1 derived from
both mammalian and insect cells bound in a dose-dependent manner to mannose-binding
lectin (MBL), a pattern recognition molecule that initiates the lectin pathway of complement
activation (Fig. 5A-C). The interaction of secreted DENV NS1 and MBL was confirmed by
co-immunoprecipitation experiments (Fig. 5D). Because we previously demonstrated that
direct binding of MBL to DENV neutralized infection through both complement activation-
dependent and -independent mechanisms (28, 30), we reasoned that direct binding of soluble
NS1 to MBL might interfere with its recognition and neutralization of DENV, independent
of complement activation. To test this, purified human MBL was pre-incubated with culture
supernatants containing increasing concentrations of insect cell-derived NS1 prior to
addition to microtiter wells containing immobilized virions (Fig. 5E). As expected, NS1
competitively bound MBL in solution, which resulted in decreased MBL binding to captured
DENV (Fig. 5E). Removal of NS1 from the culture supernatants using NS1-specific mAb
2E11 (26) coupled Sepharose beads but not anti-E mAb (4G2)-Sepharose prior to incubating
with purified MBL restored the MBL recognition of captured DENV (Fig. 5F). Of note,
abrogation of Ca2*-dependent MBL binding to DENV in the presence of EDTA served as
negative controls for these experiments (Fig. 5E-F).

Preincubation of MBL with increasing concentrations of soluble NS1 derived from insect
cells (NS1 in supernatants from S2-NS1 cells) also resulted in an increased number of
DENV-infected foci (Fig. 5G). Conversely, neutralization of DENV by MBL was restored
when MBL was pre-incubated with NS1-containing supernatants that had been pre-cleared
with anti-NS1 (2E11) but not anti-E (4G2) Sepharose beads (Fig. 5H). The dose-dependent
activity of insect cell-derived NS1 to inhibit DENV neutralization by human MBL was
further demonstrated using NS1 purified from culture supernatants of DENV-infected C6/36
cells (Fig. 51). Consistent with these results, complement activation-independent
neutralization of DENV by MBL was also inhibited by mammalian cell-derived NS1 (Fig.
5J). Pre-incubation of MBL with increasing concentrations of hexameric NS1 purified from
the supernatants of BHK cells that propagate DENV-2 subgenomic replicons (22, 34), but
not with the control proteins, abrogated MBL-mediated neutralization of DENV (Fig. 5J).

We next investigated the mechanism by which NS1 inhibited MBL-mediated neutralization
of DENV. We speculated that MBL binding to DENV prevented the attachment of viruses to
cells and in the presence of NS1, the protein competitively bound MBL and thus allowed
DENV to bind and enter target cells. To test this hypothesis, we incubated BHK cells with
DENV in the presence or absence of purified human MBL. After a 2 h incubation at 4°C,
cell-bound DENV was measured by real-time RT-PCR for viral genome copies. As
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expected, MBL efficiently inhibited DENV attachment to BHK cells. However, pre-
incubation of MBL with either purified mammalian or insect cell-derived NS1 but not with
the control protein BSA increased the binding of DENV to BHK cells (Fig. 5K). Overall,
these experiments establish that MBL inhibits DENV infection at the step of virus
attachment and that NS1 competitively binds MBL, which facilitates DENV binding and
entry to initiate infection.

Detection of soluble NS1 in the saliva of DENV-infected Aedes aegypti mosquitoes

Our data showed that mosquito-cell derived NS1 retained its biological functions, despite
being secreted at a lower level than mammalian-cell derived NS1. We reasoned that during
blood feeding when DENV is inoculated into the skin of a susceptible host, the presence of
NS1 in the saliva of infected mosquitoes could protect DENV from immune recognition, and
thus facilitate its spread from the site of inoculation. To demonstrate the relevance of our /n
vitro findings, we evaluated whether NS1 is present in the saliva of DENV-infected
mosquitoes. A total of 1,500 female Aedes aegypti mosquitoes were challenged orally with
DENV via an infectious blood meal as previously described (48). Successfully fed
mosquitoes (~1,200) with a blood-filled midgut were sorted and subsequently incubated for
14 days until a second non-infectious blood meal was offered. The blood that remained in a
container after mosquito feeding was subjected to both viral RNA and NS1 analysis. In
addition, salivary glands from 50 mosquitoes were harvested and processed for
immunofluorescence staining and Western blotting for DENV NS1. As expected, NS1 was
detected in the salivary glands of about 30 to 50% of blood-fed mosquitoes (Fig. 6A-B and
data not shown). Along with the DENV genome (Fig. 6C), NS1 was detected in the residual
blood after mosquito feeding (Fig. 6D-E) indicating that both DENV and soluble NS1 were
present in the saliva of infected mosquitoes and were released during blood feeding.

DISCUSSION

It has been reported previously that NS1 is secreted from DENV infected mammalian cells
but not from cells of insect origin (4, 18). The claim of detectable soluble NS1 in the culture
medium of DENV-infected mosquito cells has been controversial as it could reflect the
liberation of intracellular NS1 from dying cells as opposed to an active cellular secretory
process (21). Our data provide the following supportive evidence that NS1 is secreted from
infected insect cells: 1) Tunicamycin treatment affected extracellular NS1 and virion release
but not levels of NS1 protein expression within infected insect cells; 2) Extracellular NS1
derived from infected insect cells appeared to form higher order oligomers, likely hexameric
in nature unlike cell-associated NS1, which exhibits different characteristics under native
conditions (12); 3) Soluble insect cell-derived NS1 possessed functional characteristics
similar to mammalian cell-derived NS1, as it bound to glycosaminoglycans on cell surfaces
and inhibited complement activation. We also observed a novel complement antagonism
function of NS1 secreted from both mammalian and insect cells as it targets MBL, the major
recognition receptor of the lectin pathway of complement activation. Importantly, we
showed that soluble NS1 was released together with DENV virions in the context of
mosquito blood feeding.
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Although NS1 was released from DENV-infected insect cells, concentrations of soluble NS1
in culture media were lower (up to a 10-fold difference) than those observed in infected
mammalian cell cultures. The disparity between the two cell types could be attributed to
different glycosylation machinery, which affects NS1 processing and secretion efficiency
(34). Insect cells lack glycosyltransferases that are needed for synthesis of hybrid and
complex-type glycans (40); DENV NS1 produced in insect cells had polymannose-type
glycans at both N130 and N207 positions whereas N-linked glycosylation at N130 is further
processed to complex-type glycans in mammalian cells (39, 49). In support of the lower
levels of NS1 in the supernatants from insect cells, loss of complex-type glycans at N130
results in a decrease in secretion of soluble NS1 (18, 50). Additionally, low levels of NS1
detected in the culture medium of infected insect cells could result from instability of NS1
hexamers resulting in protein aggregation, which we observed when NS1 was subjected to
density gradient fractionation and a protein stability test. These results are consistent with a
study in which mutation of Asn130 resulted in a loss of hexameric NS1 and an increase in
the formation of higher-order NS1 oligomers (34). Indeed, our data agree with recent studies
showing that NS1 secreted from DENV-infected C6/36 cells is hexameric in nature (51).

Compared to mammalian-cell derived NS1, soluble NS1 derived from insect cells bound
comparably to the plasma membrane via interactions with sulfated glycosaminoglycans like
heparan sulfate despite lacking a complex-type glycan at position Asn130 (16). This is
consistent with our previous observation that the N-linked glycan at position Asn207 but not
at Asn130 was required for cell surface attachment of NS1 (34). NS1 binding back to the
cell surface could have an important role in immune evasion through interaction with the
plasma complement regulator C4BP (25). Analogous to mammalian-cell derived NS1,
recruitment of C4BP to the cell surface by insect cell-derived soluble NS1 attenuated
classical and lectin pathway activation through C4BP's cofactor activity, which resulted in
C4b degradation by factor I. Insect-cell derived NS1 also interacted with other complement
components including C4 and C1s/ProC1s. This could facilitate C4 degradation and protect
DENV from C4-mediated neutralization in solution similar to what has been previously
described for soluble NS1 from mammalian cells (24).

It has been suggested that the complement system has dual roles in pathogenesis and
protection against DENV infection depending on the type of immune response (primary
versus secondary infection), disease period (early versus critical phase), and host genetic
factors (6, 17, 25). The lectin pathway of complement activation as triggered by the direct
interaction of DENV and MBL has been shown to neutralize all four DENV serotypes and
thus may control the spread of DENV within a host, especially during a primary infection
(28). We described a novel interaction between soluble DENV NS1 and human MBL. NS1
competitively bound to MBL, which decreased DENV recognition by MBL and protected
the virus from MBL-mediated neutralization. Mechanistically, without a requirement for
further complement activation, MBL directly bound DENV and prevented DENV
attachment to target cells. Soluble NS1 competitively inhibited MBL binding, and thus
allowed the virus to bind, enter and replicate within susceptible host cells. Consistent with
this, binding of MBL to surface glycoproteins of influenza A virus (52), hepatitis C virus
(53), and human immunodeficiency virus (54) blocked virus attachment to target cells in a
complement activation-independent manner. In WNV infection, however, MBL-mediated
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neutralization occurs by blocking viral fusion, not cellular attachment (30). Nevertheless,
independent interference of MBL with DENV fusion could not be ruled out.

The finding that DENV-infected insect cells could secrete soluble hexameric NS1 that
retains complement inhibitory activity prompted us to explore its biological relevance.
Detection of soluble NS1 and DENV in a blood meal of DENV-infected Aedes aeqypti
mosquitoes implies that the mosquito saliva likely contains both soluble NS1 and infectious
DENV virions, which could be released simultaneously into the skin and possibly blood
during feeding. Complement antagonism functions of soluble NS1 (both insect-cell and
mammalian cell-derived) could protect DENV from complement-mediated neutralization,
thereby facilitating viral spread either at the earliest stages of infection (during mosquito
feeding) or during subsequent replication cycles of DENV in a human host (Fig. 7). First,
soluble NS1 forms a tripartite complex with C4 and C1s/C1s proenzyme which results in C4
degradation and decreases complement activation (24) [Pathway 1), Fig. 7]. Second, DENV
NS1 binds to C4BP, the major inhibitor of the classical/lectin pathway of complement
activation in plasma, to control the activation of the classical and lectin pathways on cell
surfaces (25) [Pathway 2), Fig. 7]. Third, a novel interaction between DENV NS1 and
human MBL described in this study results in the protection of DENV from MBL-mediated
neutralization [Pathway 3), Fig. 7]. However, further studies are required to define sites on
the NS1 molecule that interact with complement components and to determine which
interactions play more significant roles for DENV evasion in vivo.

NS1 immunization has been demonstrated to have a protective effect against a DENV
challenge in animals [reviewed in (5)]. Mechanisms of protection by non-neutralizing anti-
NS1 antibodies have been suggested to involve complement-mediated lysis of infected cells
(55, 56). It is also possible that NS1 specific antibodies blocking the interaction of NS1 with
complement components like C1s, C4BP, and MBL could afford protection. Epitopes on
NS1 that confer protection could serve as a basis for future NS1-based vaccine development
that circumvent the undesired risk of enhancing antibodies against the prM and E structural
proteins.
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FIGURE 1. Detection of extracellular NS1 derived from DENV-infected insect cells
C6/36 (black bars), PscloneD (white bars) and BHK (grey bars) cells were infected with

DENV at an MOI of 0.01, 0.1 or 1.0 for 2 days. The levels of secreted NS1 (A), cell viability
(B), percentage of NS1- (C) and E- (D) expressing cells and DENV production (E) were
determined by NS1-ELISA, flow cytometry analysis using propidium iodide exclusion, anti-
NS1 mAb (clone 1F11) and anti-E mAb (clone 4G2) and FFA, respectively. The data are
shown as mean + standard deviation (SD) of three to four independent experiments.
Asterisks denote levels of NS1 detected in supernatants that are statistically different (* P<
0.05). The correlation coefficients between secreted NS1 and DENV production in DENV-
infected C6/36 (F), DENV-infected PscloneD (G) and DENV-infected BHK (H) were
analyzed by linear regression. NS1 in 50-fold concentrated supernatants of DENV-infected
C6/36, AP-61 and TRA-284 cells was analyzed by Western blotting using anti-DENV NS1
mAb clone 1F11 (I).
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FIGURE 2. Tunicamycin treatment inhibits NS1 and virion release from DENV-infected insect

cells

At 24 h after DENV infection, C6/36 cells were extensively washed to remove NS1-

containing culture medium and treated with fresh medium containing either 0.1% DMSO or

10 ug/ml of tunicamycin in 0.1% DMSO for 6 h. Levels of NS1 in supernatants (A),

percentage and mean fluorescent intensity (MFI) of NS1 positive cells (B) and percentages
of E-positive cells (C), percentage of living cells (D), total cell number (E) and intracellular
and extracellular DENV genome copies (F) were analyzed as described in Materials and

Methods. The data are shown as mean + SD from three independent experiments. Asterisks

denote the means that are statistically different among indicated groups (* £< 0.05).
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FIGURE 3. Oligomeric assembly, glycosylation pattern and stability of NS1 secreted from
DENV-infected insect cells

Fifty-fold concentrated supernatants (lanes 1 and 3) and cell lysates (lanes 2 and 4) from
DENV-infected C6/36 cells (lanes 1 and 2) and Vero cells (lanes 3 and 4) were separated by
Native-PAGE (A, upper panel) and reducing 10% SDS-PAGE (A, lower panel) and Western
blotted with 1F11 DENV NS1 specific mAb. B. Fifty-fold concentrated DENV-2 infected
C6/36 (dashed line) and PscloneD (solid line) supernatants were passed over a Superdex 200
column and fractions were collected and quantitated for NS1 concentration by NS1-ELISA.
Molecular weights of reference protein standards fractionated in parallel are depicted. C.
Fifty-fold concentrated DENV-infected C6/36 or PscloneD supernatant was loaded on a 5%
to 55% sucrose gradient. NS1 in each fraction was detected by Western blotting with 1F11
anti-NS1 mAb. Arrowheads indicate molecular weights of protein standards. D.
Endoglycosidase (Endo H or PNGase F) treatment of extracellular NS1 derived from C6/36
(lanes 1, 2, 5 and 6) and PscloneD (lanes 3, 4, 7 and 8) cells prior to Western blot analysis
with 1F11 anti-NS1 mAb. E-F. NS1 stability test.Supernatants from DENV-infected C6/36
and Vero cells were incubated in the presence of a protease inhibitor (10 mM PMSF) at 4°C
or 37°C for 3 days. Amounts of NS1 at each time point of C6/36 cell-derived or Vero cell-
derived at 4°C and 37°C were determined by ELISA and calculated by normalizing the zero-
time point of each condition to 100 percent (E) and by Western blotting with 1F11 anti-NS1
mAb (F). Error bars indicate SD corresponding to three independent experiments. Values
that are significantly different from the value for zero-time point are indicated by asterisks as
follows: *, P< 0.05; **, P<0.01; ***, P<0.001.
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FIGURE 4. Functional properties of extracellular NS1 derived from DENV-infected insect cells
A. Insect-cell derived NS1 binds human complement. Microtiter plates were coated with

BSA, factor H, C1s proenzyme (ProC1s), C4 and C4BP (5 pug/ml) and incubated with
culture supernatants of DENV-infected C6/36, PscloneD and S2-NS1 cells. Bound NS1 was
detected with specific mAbs. Values [optical density (O.D.) at 492 nm.] of NS1 binding to
each complement component were subtracted from those of BSA control. Error bars indicate
SD corresponding to three independent experiments. Asterisks denote NS1 binding that is
statistically different from corresponding mock controls (** £< 0.01 and *** £< 0.001).
Levels of NS1 in the supernatants were determined by NS1-ELISA (B). C-D. Insect-cell
derived NS1 binds to cell surfaces via GAGs. Serum-free supernatants of DENV-infected
PscloneD (C and D), C6/36 (C and D) and S2-NS1 (D) cells containing indicated
concentrations of NS1 were incubated with BHK (C) and HaCat (D) cells and NS1 binding
was detected by 2G6 anti-DENV NS1 mAb. Binding also was performed in the presence of
10 mM heparin (C). Error bars indicate SD of the mean corresponding to three independent
experiments. Asterisks denote the means that are statistically different from 0 ug/ml of NS1
(* P<0.05, ** P<0.01 and *** P<0.001). E. NS1 secreted from insect cells recruits C4BP
to the cell surface. C4BP or BSA (2.5 pug/ml) was incubated with serum-free supernatants of
S2-NS1 cells and 108 BHK cells. Binding of NS1 and C4BP to the cell surface was assessed
by mAbs to DENV NS1 or C4BP and analyzed by flow cytometry. Examples of contour
plots from three independent experiments are depicted. The y~axis indicates the levels of cell
surface-associated C4BP or NS1, and the x-axis shows the forward scatter (FSC) of the cell
population. Percentages of cells positive for surface-NS1 or C4BP staining are shown in the
right upper quadrant. F. Extracellular NS1 derived from insect cells recruits C4BP to
degrade C4b on the cell surface. Serum-free supernatants (containing 12 pg/ml NS1) from
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DENV-infected PscloneD (lane 2), DENV-infected C6/36 (lanes 3 and 6) or S2-NS1 (lane 4)
cells were preincubated with 2.5 pg/ml C4BP and the NS1-C4BP solution was added to
BHK cells. After three washes, the cells were incubated with C4b and factor | for 15 min.
Cofactor activity was determined in the supernatants by the appearance of C4b cleavage
products, a 70-kDa a.3-C4d and a 45-kDa C4d after 12% SDS-PAGE under reducing
condition followed by Western blot with anti-C4d mAb. G. Diagram of factor | (FI)-
mediated cleavage of C4b in the presence of a cofactor C4BP. FI cleaves the a.’chain of C4b
at two sites (designated as A and B). Cleavage at either one of the two sites generates two
partial cleavage fragments, C4d-a4 (59 kDa) and a3-C4d (70 kDa). Further cleavage by FI
yields the final product C4d (45 kDa).
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FIGURE 5. NS1 protects DENV from MBL -mediated neutralization
A-C. NS1 binds directly to MBL. Purified human MBL was coated on a microtiter plate and

incubated with NS1 containing supernatants from DENV-infected C6/36, DENV-infected
PscloneD and S2-NS1 cells (A) or with increasing concentrations of NS1 in culture
supernatants of DENV-infected PscloneD and S2-NS1 cells (B) or with increasing
concentrations of purified soluble NS1 from culture supernatants of DENV-infected C6/36
or Vero cells (C). Bound NS1 was detected with an anti-NS1 specific mAb. Error bars
indicate SD for three independent experiments. D. Co-immunoprecipitation experiments.
Serum-free supernatants from BHK-DENV2-Rep or control BHK cells were incubated with
purified human MBL (0.75 pg) and Western blots were performed after immunoprecipitation
with anti-DENV NS1 2G6 mAb-Sepharose. Immunoprecipitates were probed with a mouse
anti-human MBL mAb after non-reduced (upper panel) or reduced (lower panel) SDS-
PAGE. E-F. NS1 reduces MBL binding to DENV. DENV virions were captured on a
microtiter plate using an anti-DENV prM protein-specific mAb and incubated with purified
human MBL (3 pg/ml) with or without increasing concentrations of NS1 containing
supernatants from S2-NS1 cells (E). MBL binding to captured DENV was detected with an
anti-MBL specific mAb and inhibited by the presence of 20 mM EDTA. F. Culture
supernatants from S2-NS1 cells (containing 12.5 pg/ml NS1) were incubated with anti-NS1
mAb (2E11)-Sepharose, anti-E mAb (4G2)-Sepharose or without Sepharose (no beads) prior
to addition of purified human MBL and subjected to ELISA as described in E. MBL binding
to DENV captured on a microtiter plate in GVB** buffer (without NS1) or in buffer
containing 20 mM EDTA were used as positive and negative controls, respectively. G-J.
NS1 inhibits MBL-mediated neutralization of DENV. DENV virions were incubated with
purified human MBL without or with indicated concentrations of NS1 in supernatants from
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S2-NS1 cells or with NS1 supernatants alone. The mixtures were then added to a BHK
monolayer, and after carboxymethylcellulose overlay, cells were cultured for 3 days. After
fixation and staining with anti-DENV E mADb, infected foci were counted (G). H. DENV
virions were incubated with purified MBL in GVB™* buffer without or with NS1 containing
supernatants (12 pg/ml) from S2-NS1 cells that were preincubated with anti-NS1 mAb
(2E11)- or anti-E mAb (4G2)-Sepharose. The samples were added to a BHK monolayer and
DENV-infected foci were determined as described in G. MBL-mediated neutralization of
DENV was abolished by 20 mM EDTA. |. DENV virions were incubated with purified
human MBL with or without indicated concentrations of purified soluble NS1 from DENV-
infected C6/36 cells or with BSA control protein prior to the addition to a BHK monolayer
to assess viral infectivity as described in G. J. DENV virions were incubated with MBL
premixed with purified hexameric NS1 derived from BHK-DENV2-Rep, thyroglobulin or
bovine serum albumin (BSA) at molar ratios of 1:1, 1:5, and 1:10 (MBL:protein). The
samples were added to BHK monolayers, and after agarose overlay, cultured for 5 days.
After fixation and staining of wells, plaques were counted. Soluble mannan (100 pg/ml) was
used as an MBL inhibitor. K. Soluble NS1 facilitates DENV attachment to cells in the
presence of human MBL. DENV was incubated with 80 pg/ml MBL (diluted with GVB**
buffer) alone or with MBL plus BSA or purified NS1 (50 pg/ml) derived from S2-NS1 cells
or DENV-infected Vero cells. The mixture was then added to BHK cell suspensions for 2 h
on ice. Cell-bound DENV was determined by real time RT-PCR. Error bars indicate SD
corresponding to three independent experiments. Asterisks denote the means that are
statistically different among indicated groups (* £< 0.05, ** < 0.01 and *** £< 0.001).
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FIGURE 6. Both DENV and soluble NS1 arereleased during blood feeding from infected
mosquitoes

A. Representative bright field and immunofluorescence images of the salivary glands of
mock- and DENV-infected mosquitoes. Aedes aegypti female mosquitoes were challenged
orally with DENV by feeding them with an infectious blood meal and incubated for 14 days.
Salivary glands of mosquitoes were harvested, smeared, and fixed on glass slides. NS1 was
detected using a mouse anti-DENV NS1 mAb 1F11 (1 pg/ml) followed by Cy3-conjugated
goat anti-mouse 1gG. Nuclei were stained with Hoechst, a DNA-specific dye. Salivary
glands harvested from uninfected mosquitoes served as a negative control. Analysis was
performed by confocal microscopy. B. Expression of NS1 in the salivary glands of DENV-
infected mosquitoes was analyzed by Western blotting. Fifty-fold concentrated supernatants
from DENV-infected C6/36 cells (DENV sup) and the salivary glands harvested from
uninfected mosquitoes (Mock) served as positive and negative controls, respectively. C-D.
At 14 days after initial challenge with DENYV, a total of 600 to 1200 mosquitoes were fed
with a second non-infectious blood meal, the presence of DENV and NS1 in the remaining
blood were determined by RT-PCR (C), Western blotting with DENV NS1 specific mAb
1F11 (D) and NS1-ELISA (E), respectively. Error bars indicate SD corresponding to three
independent experiments. Asterisks denote the means that are statistically different among
indicated groups (*** P£< 0.001).
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FIGURE 7. Model of complement antagonism by DENV NS1

Together with DENV virions, soluble NS1 is released from DENV-infected insect or

Page 28

mammalian cells. Attenuation of the classical and lectin pathways of complement activation
in tissue is promoted by three mechanisms: 1) NS1 binds proC1s and C4 forming a tripartite
complex promoting the cleavage of C4 to C4b which is rapidly inactivated by hydrolysis in
the fluid phase (C4 degradation), thereby limiting the supply of native C4 (24). 2) NS1 binds
and recruits C4BP to the cell surface to restrict the classical and lectin pathway C3 and C5
convertases via the cofactor activity of C4BP on cells (25). 3) NS1 competitively binds MBL
and prevents the recognition of DENV by MBL, thereby protecting the virus from MBL-
mediated neutralization. Overall, NS1 possesses complement evasion functions and protects

DENV and DENV-infected cells from complement activation and inhibition.
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