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Abstract

The dengue virus nonstructural protein 1 (NS1) is a secreted viru-
lence factor that modulates complement, activates immune cells
and alters endothelial barriers. The molecular basis of these
events remains incompletely understood. Here we describe a func-
tional high affinity complex formed between NS1 and human
high-density lipoproteins (HDL). Collapse of the soluble NS1
hexamer upon binding to the lipoprotein particle leads to the
anchoring of amphipathic NS1 dimeric subunits into the HDL outer
layer. The stable complex can be visualized by electron microscopy
as a spherical HDL with rod-shaped NS1 dimers protruding from
the surface. We further show that the assembly of NS1-HDL com-
plexes triggers the production of pro-inflammatory cytokines in
human primary macrophages while NS1 or HDL alone do not.

Finally, we detect NS1 in complex with HDL and low-density lipo-
protein (LDL) particles in the plasma of hospitalized dengue
patients and observe NS1-apolipoprotein E-positive complexes
accumulating overtime. The functional reprogramming of endoge-
nous lipoprotein particles by NS1 as a means to exacerbate sys-
temic inflammation during viral infection provides a new
paradigm in dengue pathogenesis.
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Introduction

Dengue virus (DENV) infects nearly 400 million people annually,

leading to more than 500,000 hospitalizations (Bhatt et al, 2013;

Wilder-Smith et al, 2019). The mortality rate varies from < 1% to

10% depending on the epidemic and medical care provided to

patients (Yacoub et al, 2016). The dengue nonstructural protein 1

(NS1) is a viral effector circulating in the bloodstream of DENV-

infected patients (reviewed in Rastogi et al, 2016; Watterson et al,

2016; Glasner et al, 2018). In DENV-infected cells, NS1 forms

amphipathic dimers in the endoplasmic reticulum (ER) that insert

into the luminal side of the membrane (Lindenbach & Rice, 1997;

Winkler et al, 1989; Akey et al, 2015). The membrane-bound dimers

play an essential role in orchestrating viral replication in specialized

subcellular factories (Lindenbach & Rice, 2003). A sub-fraction of

NS1 dimers further associate by three to form barrel-shaped

hexamers. During this process, NS1 hexamers detach from the

membrane and can then be secreted as soluble nanoparticles filled

with lipids into the extracellular milieu (Flamand et al, 1999;

Gutsche et al, 2011). The secreted form of NS1 has previously been

shown to bind complement and coagulation factors, activate

immune and endothelial cells, trigger the expression of pro-

inflammatory cytokines, alter the glycocalyx barrier and to promote

endothelium permeability (Flamand et al, 2009; Beatty et al, 2015;

Modhiran et al, 2015, 2017; Puerta-Guardo et al, 2016, 2019). The

antibody response against NS1 has been shown to protect against

several flavivirus infections (Schlesinger et al, 1985, 1987; Beatty et

al, 2015; Brault et al, 2017; Espinosa et al, 2019) but can also be

harmful via a cross-reaction with platelets and endothelial cell sur-

face antigens (Lin et al, 2006, 2011; Falconar, 2007; Sun et al, 2007;

Wan et al, 2016; Jayathilaka et al, 2018). These characteristics alto-

gether favor the development of thrombocytopenia, vascular leak-

age and hemorrhage. Given the growing evidence of NS1

involvement in dengue pathogenesis, a better understanding of the

molecular fate of NS1 in extracellular fluids by identifying its inter-

acting partners is of utmost importance.

In the present study, we report that NS1 from dengue virus sero-

type 2 (DENV-2) binds high-density lipoproteins (HDL) and with a

lower affinity low-density lipoproteins (LDL). HDL and LDL are

lipoprotein complexes composed of large lipid bundles surrounded

by the apolipoproteins A-I and B, respectively, as well as a panel of

functional proteins recently identified by proteomic approaches

(Birner-Gruenberger et al, 2014; Ronsein & Vaisar, 2019). Lipopro-

tein particles that circulate in the blood have long been recognized

for their regulatory functions in vascular homeostasis, inflammation

and innate immune responses (Feingold & Grunfeld, 2000; Saemann

et al, 2010; Camont et al, 2011; Birner-Gruenberger et al, 2014;

Ramasamy, 2014). We explored the NS1-HDL association by bio-

physical methods and visualized the complex by electron micros-

copy, which revealed NS1 dimers protruding on the HDL surface.

We observed that the NS1-HDL complex could trigger the produc-

tion of pro-inflammatory cytokines in primary human macrophages.

In addition, we consistently detected elevated levels of NS1-HDL

complexes in the blood of DENV-infected patients on the day of hos-

pital admission using an anti-apolipoprotein A-I (ApoA-I) detection

assay. NS1 complexes acquired an apolipoprotein E (ApoE)-positive

phenotype during the clinical phase, a component mostly found on

very-low-density lipoproteins or chylomicrons and only transiently

associated with HDL or LDL in physiological conditions. This points

to a complex and dynamic interaction of DENV NS1 with the host

lipoprotein metabolic cycle.

Results and Discussion

The DENV-2 NS1 hexamer binds high- and low-density
lipoprotein particles

In this study, we first sought to identify NS1 protein partners

encountered during its circulation in human blood. For this purpose,

we carried out a pull-down assay using a purified preparation of

recombinant streptavidin-tagged DENV2 NS1 spiked in plasma

obtained from healthy donors to identify potential ligands. We then

re-affinity purified NS1 from the plasma and analyzed the resulting

products by size exclusion chromatography (SEC) (Fig 1A). Com-

pared to NS1 alone, the pull-down SEC profile showed an additional

peak and a large shoulder at smaller elution volumes, corresponding

to apparent molecular weights of 840 and 380 kDa, respectively

(Fig 1A). The protein content of the two high molecular weight

complexes was analyzed by SDS-PAGE, and the identities of the pre-

dominant protein bands were determined by N-terminal sequencing

and mass spectrometry as ApoA-I and ApoB. These proteins corre-

spond to the main scaffold proteins of HDL and LDL, respectively

(Fig 1A). NS1-HDL and NS1-LDL complexes could also be detected

in the extracellular media of S2 cells expressing recombinant NS1

and cultured in the presence of fetal bovine serum (Fig EV1), as

analyzed by size exclusion chromatography (Fig EV1A), SDS-PAGE

(Fig EV1B) and negative stain electron microscopy (Fig EV1C). As a

matter of fact, in these experimental conditions NS1-ApoA-I and

NS1-ApoB lipoprotein complexes were the predominant NS1 species

and no significant level of free NS1 could be observed in the culture

media (Fig EV1A). Moreover, an association of native NS1 with a

conformationally relevant ApoA-I could further be demonstrated by

co-immunoprecipitation of DENV-infected cell culture supernatants

supplemented with human serum using an anti-NS1 monoclonal

antibody (MAb) or anti-ApoA-I polyclonal antibodies (PAb)

(Fig EV2A and B).

These observations prompted us to assess the affinity of DENV2

NS1 for HDL and LDL. We immobilized human HDL and LDL parti-

cles on bio-layer interferometry (BLI) sensors coated with specific

polyclonal antibodies against ApoA-I or ApoB, respectively.

Figure 1B displays the binding curves for increasing NS1 concentra-

tions in contact with both types of lipoprotein particles and the

values reached at steady state (also see Fig EV3). The curves could

be fitted using a single-state binding model, leading to relative bind-

ing constants (Kd) of 63 nM � 0.2 nM and 1.4 µM � 0.1 µM

for HDL and LDL, respectively (Fig 1B).

In order to characterize the architecture of the complex, we

used analytical ultracentrifugation to study the behavior of NS1,

HDL and a mix of HDL and NS1 at a HDL:hexameric NS1 mass

ratio of 1:1 or 1:5 (Fig 1C). Purified NS1 sedimented as a main

species with a sedimentation coefficient of 7.9 S compatible with

a globular hexamer. HDL particles exhibited a much lower value

of 4.20 S in keeping with the larger lipid to protein ratio (Lauer et

al, 2016). In the sample containing a 1:5 excess mass of NS1 rela-

tive to HDL, all the HDL content was engaged in an interaction
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with NS1. The unique species that was formed sedimented with a

coefficient of 16.8 S, segregating distinctly from the other species

(Fig 1C). Residual unbound NS1 hexamer could still be observed,

as expected due to the NS1 excess (Fig 1C). By combining two

detectors and taking into account the theoretical composition of

the HDL particles, we estimated that one NS1 hexamer was bound

to each HDL particle when present in excess. Interestingly, in the

1:1 ratio sample, we detected intermediate peaks at 9.4 and 11.7S

that corresponded to one or two NS1 dimeric subunits bound to

HDL, respectively.

The NS1 hexamer dissociates into discrete dimeric blocks on the
surface of spherical HDL particles

Based on the above results, we prepared NS1-HDL complexes at a

2.5:1 NS1 to HDL molar ratio and examined the resulting products

by negative-stain electron microscopy (EM). As previously shown,

human HDL particles appeared as smooth spheres ≃10 nm in diam-

eter with an electron-dense central region (Zhang et al, 2013;

Fig 2A). The purified NS1-HDL complexes, in contrast, presented a

granular surface with prominent structures on their outer layer

(Fig 2B). 2D class averages of NS1-HDL complexes revealed that the

HDL particles were crowned with high-density features that match

very well with the contour of NS1 dimers in side view with two dis-

crete nodules that likely correspond to the NS1 protomers (Figs 2B

and C, and EV4A and B) (Akey et al, 2015). Anti-NS1 Fabs con-

firmed the presence of NS1 dimers by forming salient outward

projections on the surface of the HDL particles (Fig EV4C). Our

analysis also revealed that about 60% of the NS1-HDL complexes

presented three NS1 dimers on the HDL surface while around 25%

and 10% of the particles presented 2 or 4 apparent NS1 dimers,

respectively (Fig 2B). These observations corroborated the ultracen-

trifugation data showing different ratios of NS1 dimers per HDL par-

ticle depending on the initial NS1:HDL ratio (Fig 1C). This points to

a dynamic binding mode between NS1 and HDL particles with, in

particular, the collapse of NS1 hexamers into dimers upon binding

to HDL particles as depicted in Fig 2C.

The presence of NS1 dimeric subunits associated with HDL

could also be evidenced by differential scanning calorimetry (DSC)

(Fig 2D). Thermal scanning of both hexameric NS1 and the NS1:

HDL mixture (at a 2.5:1 molar ratio) showed two transition phases

while the HDL particles alone did not contribute to any signal in

the scanned temperature range (Fig 2D; Jayaraman et al, 2015).

The second transition at a Tm of 81°C was identical for NS1 alone

or in complex with HDL. We have previously reported that the

NS1 dimer of Japanese encephalitis virus requires temperatures

higher than 80°C to dissociate into monomers (Flamand et al,

1995). We therefore attributed this second transition to the dissoci-

ation and full denaturation of NS1 dimeric subunits (Fig 2D).

Accordingly, the first transition peak corresponds to the dissocia-

tion of NS1 hexamers into dimers for NS1 alone (Tm of 59°C) and

to the release of NS1 dimers from the HDL particle for the NS1-

HDL mixture (Tm of 67°C) (Fig 2D). The difference in Tm values

observed for the first transition peak in both samples provides

additional evidence that once the NS1-HDL complex formed, the

NS1 dimer-dimer interface initially present in the hexamer is

converted into a more stable interface formed between the NS1

dimers and the HDL surface.

We showed in a previous study that the NS1 dimeric building

blocks behave as hydrophobic entities in a Triton X-114 phase parti-

tioning assay (Gutsche et al, 2011). Others reported that NS1 has

the ability to interact with cellular membranes and

liposomes (Winkler et al, 1989; Lindenbach & Rice, 1997; Jacobs

et al, 2000; Akey et al, 2015). Thus, dimers have a propensity to

interact with hydrophobic surfaces and lipids. The recent demon-

stration that NS1 binds ApoA-I through hydrophobic interactions

(Coelho et al, 2021) suggests that this interaction may be important

in promoting the collapse of the NS1 hexamer into dimers on the

surface of the HDL particle. We were also able to show that

the interaction between NS1 and HDL could be inhibited with anti-

◀ Figure 1. DENV NS1 binds human high-density and low-density lipoproteins.

A Size exclusion chromatography profile of NS1 pull-down experiments showing a clear shift after incubation in complete or heat-inactivated human serum (solid and
dotted black lines, respectively) from the same healthy donor compared to the NS1 protein alone (blue line). NS1 protein interaction partners were identified by SDS-
PAGE and N-terminal sequencing as the Apolipoprotein B scaffold of the low-density lipoproteins (LDL) in the first SEC elution peak, and the ApoA-I protein scaffold of
the high-density lipoproteins (HDL) in the second elution peak.

B Biolayer interferometry (BLI) profiles corresponding to the binding of NS1 at various concentrations respective to human HDL (left panel) and human LDL (central
panel) particles. The concentration-dependence of the steady-state signal corresponding to the binding of NS1 to HDL (black dots) and LDL (white dots) is shown on
the right-hand side panel. The measurements were replicated at least three times using novel biosensors and samples. Data points and error bars correspond to the
mean � SD.

C Typical sedimentation coefficient distribution of NS1 or human HDL alone or pre-incubated together (mixture of NS1 and HDL at a 1:1 or 5:1 mass ratio) monitored
using an interferometric detector. Peaks were integrated for all the detectors (interference and absorbance at 280 nm). The calculated stoichiometries are indicated
for each peak. Solutions were equilibrated at 20°C for 2 h before sedimentation velocity analysis.

▸Figure 2. Analysis of NS1-HDL complexes by electron microscopy reveals the presence of NS1 dimers on the surface of HDL particles.

A, B Electron microscopy observations from left to right: a representative image, followed by the three most representative classes of (A) purified HDL particles and (B)
NS1-HDL complexes. White bar: 50 nm, Black bar: 20 nm.

C Fitting of the NS1 dimer 3D structure into the most abundant class of NS1-HDL complexes, pointing to a collapse of the NS1 hexamer into its hydrophobic dimeric
blocks that can then anchor into the HDL lipid phase.

D Differential scanning calorimetry (DSC) of NS1 alone (blue line) or of an NS1-HDL mixture at a 2.5:1 molar ratio (orange). Of note, the HDL particles alone did not
generate any signal in the temperature range tested.

E Binding inhibition of hexameric NS1 to HDL with anti-ApoA-I polyclonal antibodies (anti-ApoA-I Ab) measured by BLI.
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ApoA-I PAbs raising the question of the nature of the interaction

between the NS1 hexamer and the ApoA-I protein at the initial stage

of NS1 binding to HDL (Fig 2E).

The NS1-HDL complex triggers pro-inflammatory signals in
human primary macrophages

NS1 is known to trigger the production of pro-inflammatory cyto-

kines in macrophages (Modhiran et al, 2017). As NS1 associates

to HDL, themselves potent modulators of inflammation (Saemann

et al, 2010; Camont et al, 2011), we questioned the role of NS1

versus its complex NS1-HDL form in this process and character-

ized the cytokine and chemokine production pattern in human

macrophages exposed to NS1 alone, HDL alone or to the NS1-

HDL complex (Fig 3). Primary macrophages were differentiated

from purified monocytes of various donors and stimulated with

the different combinations of effectors. When exposed to NS1 or

HDL alone, we observed no significant difference in the cytokine

levels produced by macrophages compared to the negative con-

trol, whereas the bacterial lipopolysaccharide (LPS) consistently

induced high levels of cytokine secretion (Fig 3A–D). These

observations ruled out any cytotoxic effect from putative contami-

nants in the NS1 and HDL samples. In contrast, the NS1-HDL

mixture induced an increase in TNF-a (Fig 3A), IL-6 (Fig 3B), Il-

1b (Fig 3C) and IL-10 (Fig 3D) secretion compared to NS1 alone.

The differences were higher and all significant when compared

with HDL alone, suggesting that NS1 converts HDL into pro-

inflammatory signaling particles (Fig 3A–D).

A B

C D

Figure 3. The NS1-HDL lipoprotein complex triggers pro-inflammatory signals in human primary macrophages.

A–D Human primary macrophages were incubated for 24 h with the different potential effectors (NS1, HDL, mix NS1-HDL) or with control suspensions (PBS buffer, LPS,
mix LPS-HDL). LPS stimulation was used as a positive control in the presence or absence of HDL and provided values consistent between experiments. Phosphate
buffer used in the SEC purification step was used as a negative control. Cell culture supernatants were clarified and tested with a Luminex assay to quantify the
amount of (A) TNF-a, (B) Il-6, (C) Il-1ß and (D) Il-10 released in the extracellular medium. Data reported on the graphs correspond to biological replicates of macro-
phages isolated from four blood donors (n = 9 for TNF-a, Il-6 and Il-1ß, n = 5 for Il-10). Data represent mean � SEM. A Mann-Whitney test was used to assess the
statistical significance of differences observed between mean cytokine levels in different cell culture supernatants. Not significant: ns, *P < 0.05, *** P < 0.001.
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NS1-lipoprotein complexes are detected in hospitalized patients

Knowing that the concentration of the above-mentioned cytokines

and chemokines is dramatically increased in patients with severe

dengue (Fink et al, 2006; Green & Rothman, 2006; Pang et al, 2007;

Yacoub et al, 2013), we assessed the presence of NS1-HDL and NS1-

LDL complexes in DENV-infected patients. To this end, we devel-

oped different ELISA formats to detect and quantify NS1-lipoprotein

complexes in human plasma in addition to NS1 itself (Fig EV5A–D).

We tested blood samples from dengue patients on their days of

admission and discharge from hospital (Fig 4A–E). This represented

on average a time interval of 4.3 days between the first and last

samples. The vast majority of patients (around 80%) showed signif-

icantly elevated NS1 and NS1-HDL, indicated by an ApoA-I-positive

signal, concentrations in blood on the day of admission compared

to the sample tested before discharge (Fig 4B and C). The highest

concentrations were observed between day 2 and day 4 post-onset

of fever and the signal waned to background levels by day 9. Over

this period of time, levels of NS1-LDL complexes remained relatively

low (Fig 4E), despite the fact that 69% of the samples tested were

positive. The size of the protein scaffold apolipoprotein B (ApoB,

over 500 kDa) could not account for an accessibility issue of the

protein to the detection antibodies, as opposed to ApoA-I of 25 kDa

in size. This difference likely resulted from a lower affinity of NS1

for LDL relative to HDL, as suggested by our in vitro observations

(Fig 1B), or to a lower concentration of LDL in DENV-infected indi-

viduals compared to HDL. Apolipoprotein E (ApoE), which associ-

ated to native NS1 in DENV-infected cell supernatants (Fig EV2B),

appeared as another marker of NS1-lipoprotein complexes. As

opposed to the NS1-ApoA-I trend, NS1-ApoE concentrations

increased over time and were the highest when tested on blood

specimens recovered at the time of patient discharge from hospital

(Fig 4D). Interestingly, important changes in lipid concentrations

could be observed over the same period of time with a transient

drop in cholesterol and a concomitant rise in triglyceride (Fig 4F–

H). These findings raise the question as to whether the DENV NS1

protein accounts for these fluctuations and to which extent the viral

protein impacts host lipid and lipoprotein metabolic pathways. This

concern extends to other flaviruses as well as we found that differ-

ent flavivirus NS1 proteins have the ability to associate to HDL par-

ticles (Fig 4I).

Dengue virus NS1 is a viral virulence factor that contributes to

the development of severe dengue, characterized by cytokine storm,

thrombocytopenia, vascular leakage and hemorrhage (Akey et al,

2015; Rastogi et al, 2016; Watterson et al, 2016; Glasner et al, 2018).

NS1 circulates in the blood of DENV-infected patients at nanogram

to microgram per ml levels (Libraty et al, 2002; Alcon-LePoder et al,

2006; Antunes et al, 2015). NS1 can trigger the production of

inflammatory cytokines and chemokines in cell culture and in

immunodeficient mice (Beatty et al, 2015; Chen et al, 2015;

Modhiran et al, 2015; Alayli & Scholle, 2016). Our findings demon-

strate that the formation of NS1-HDL complexes is a prerequisite for

this effector function. The association of NS1 and HDL triggers pro-

inflammatory signals in primary human macrophages while NS1 or

HDL alone have no comparable effect. Also, an interaction of NS1

with a lipid-free ApoA-I purified from inclusion bodies and refolded

in vitro generates inactive complexes (Coelho et al, 2021). It has

long been recognized that mature HDL particles, in which the scaf-

fold ApoA-I protein interacts with specific classes of lipids and

accessory proteins (Gogonea, 2015), have an anti-inflammatory reg-

ulatory function and contribute to the maintenance of vascular

integrity under physiological conditions (Saemann et al, 2010;

Camont et al, 2011; Birner-Gruenberger et al, 2014; Ramasamy,

2014). However, the recruitment of certain proteins by HDL, such as

serum amyloid A (SAA), confers a pro-inflammatory status to these

particles during an acute phase response (Wu et al, 2004; Murch

et al, 2007; Marsche et al, 2013; Prufer et al, 2015; Kopecky et al,

2017). Our working hypothesis is that NS1 exerts a similar control

on HDL during DENV infections. This process could involve the

HDL scavenger receptor B1 that has recently been identified as a cell

surface receptor for DENV NS1 (Alcala et al, 2022), allowing its

internalization in many mammalian cell types including macro-

phages, endothelial cells, keratinocytes and hepatocytes. An NS1-

HDL contribution to the cytokine storm would have a direct impact

on the development of severe dengue, as increased levels of TNFa,
IL6 and IL-10 correlate consistently with disease severity and in cer-

tain instances endothelium permeability (Dewi et al, 2004; Rathak-

rishnan et al, 2012; Lee et al, 2016; Abhishek et al, 2017;

Srikiatkhachorn et al, 2017; Tramontini Gomes de Sousa Cardozo

et al, 2017; Huang et al, 2018).

Several studies have described altered levels of HDL, LDL or

VLDL in severe dengue (van Gorp et al, 2002; Suvarna & Rane,

2009; Biswas et al, 2015; Barrientos-Arenas et al, 2018; Lima et al,

2019; Marin-Palma et al, 2019). It is conceivable that NS1 broadly

impacts the lipoprotein network by modifying the signaling patterns

associated to the different lipoprotein particles or modulating their

metabolic turnover. In this respect, we report a dynamic interaction

of NS1 with host lipoproteins illustrated by a predominant binding

to ApoA-I and ApoB-positive lipoprotein complexes, representative

of HDL and LDL species, and the acquisition of an ApoE-positive

signature over the course of the disease. ApoE is an exchangeable

lipoprotein that can associate with most lipoprotein particles during

the lipid metabolic cycle (Marais, 2019; Su & Peng, 2020). ApoE has

also been recognized for its anti-inflammatory, anti-oxidative, anti-

thrombotic and endothelial repair related properties (Filou et al,

2016; Valanti et al, 2018). Further studies are now needed to

▸Figure 4. Different biological and virological parameters measured in human plasma.

A–H DENV-infected hospitalized patients from the Kampong Cham Referral Hospital, Cambodia, presented either dengue with warning signs or severe dengue. Two
blood samples were recovered for each patient on the day of hospital admission and during a follow-up visit that occurred before discharge from the hospital (on
average 4 days apart). (A) Number of patient samples tested over the hospitalization period for their levels of (B) NS1, (C) NS1-ApoA-I, (D) NS1-ApoE and (E) NS1-
ApoB complexes in addition to (F) total cholesterol, (G) HDL-cholesterol and (H) triglycerides. NS1-ApoA-I and NS1-ApoB complexes are representative of NS1-HDL
and NS1-LDL complex species, respectively, while the NS1-ApoE-positive complexes remain to be fully characterized. Errors bars indicate SEM.

I Purified NS1 from different flaviviruses (yellow fever, YF; ZIKA; West Nile, WN; Japanese encephalitis, JE) were spiked in normal human plasma and NS1-ApoA-I
complexes were further detected by ELISA. Data represent the mean values of two technical replicates.
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investigate whether the formation of NS1-ApoE-positive lipoprotein

complexes is part of a recovery mechanism from the host or

whether NS1 continues its pathogenic reprogramming during the

convalescent phase by interfering with ApoE function. A number of

studies have described a persistence of asthenia for weeks in dengue

patients, extending well beyond the end of the acute clinical phase

(Halsey et al, 2014; Luengas et al, 2015; Teixeira et al, 2017; Tiga-

Loza et al, 2020).

We previously described that NS1 is secreted from DENV-

infected cells as an atypical lipoprotein hexamer (Gutsche et al,

2011). Once bound to an HDL particle, the NS1 hexamer appears to

collapse into its dimeric building blocks that eventually dock to the

surface of the lipoprotein particle. It is not clear at this stage to

which extent protein-lipid or protein-protein interactions prevail but

both are likely to be important. Indeed, NS1 dimers are known to

have the ability to bind lipid membranes, liposomes and separate in

detergent phases7-9 and all the candidate NS1 protein ligands

published so far belong to the HDL proteome (Avirutnan et al, 2006;

Chung et al, 2006; Kurosu et al, 2007; Lin et al, 2012; Conde et al,

2016; Shao & Heinecke, 2018; Coelho et al, 2021). These proteins

include the scaffold protein ApoA-I, complement factors C4, C1s,

hnRNP C1/C2, factor H, prothrombin, as well as inhibitory factors

of complement clusterin, C5-9 and SC5b-9 complexes (Avirutnan

et al, 2006; Chung et al, 2006; Kurosu et al, 2007; Lin et al, 2012;

Conde et al, 2016; Coelho et al, 2021). The interaction between NS1

and ApoA-I is reported to involve hydrophobic interactions (Coelho

et al, 2021), suggesting that once the NS1 hexamer binds the HDL

particle, an interaction between NS1 and ApoA-I could trigger the

dissociation of the NS1 hexamer in favor of a more stable dimer-

ApoA-I interface. This is corroborated by our finding that the NS1

dimeric subunits have a higher thermal requirement to dissociate

from the HDL particle than from the NS1 hexamer itself (Fig 2D). It

should be noted though that the docking of NS1 to HDL particles

may involve other binding determinants than ApoA-I, as NS1 also

binds LDL in which ApoA-I is poorly represented. Proteomic stud-

ies, direct protein-protein interaction assays or the use of synthetic

lipoprotein particles with defined compositions will be instrumental

in delineating the role of the different NS1 partners in the formation

of biologically relevant NS1-lipoprotein complexes.

In conclusion, we provide evidence of a direct binding of NS1 to

the surface of spherical HDL particles and to a lesser extent LDL par-

ticles as well. Once bound to HDL, NS1 undergoes a structural tran-

sition that results in the dissociation of NS1 hexamers and the

anchoring of its amphipathic dimeric subunits onto the HDL surface.

The association of NS1 and HDL triggers pro-inflammatory signals

in primary macrophages, as a possible means to increase vascular

permeability and virus propagation in the infected organism. We

further show that NS1-HDL concentrations are the highest at the

time patients are admitted at hospital and by the end of the hospital-

ization period, NS1 complexes acquire an ApoE-positive signature

the function of which remains to be explored. Other biological ques-

tions that need to be addressed relate to the molecular determinants

of NS1 binding to the various types of lipoprotein species, the recep-

tors engaged by NS1-lipoprotein complexes during host cell interac-

tions, their respective contribution to signal transduction and the

role of proteins and lipids in the overall dynamics of the system.

Unraveling the molecular mechanisms governing the assembly of

the NS1-HDL complex, its metabolic fate and pathogenic functions

will be critical in defining preventive measures against dengue and

possibly other flaviviroses of public health concern.

Materials and Methods

Cell line and viral infection

Vero cells (ATCC CRL-1586) were grown at 37°C with 5% CO2 in

DMEM (Gibco) supplemented with 10% fetal calf serum (Gibco)

and 1% penicillin/streptomycinin. Vero cells were tested negative

in mycoplasma with the MycoAlert Mycoplasma Detection kit

(Lonza, LT07-318). Vero cells wee infected with DENV type 2 (strain

16681) at a multiplicity of infection of 1 and incubated for 3 days at

37°C with 5% CO2.

DENV-2 NS1 protein expression, purification and serum pull-
down experiments

The DENV-2 recombinant NS1 protein was expressed in Drosophila

S2 cells and purified from the extracellular medium as detailed in

the previously published supplementary methods (Gutsche et al,

2011). Purified DENV-2 recombinant NS1 protein was incubated for

1 h at 37°C in serum or plasma recovered from a healthy donor

(provided by the ICAReB facility, Institut Pasteur) at a final concen-

tration of 400 µg NS1/ml plasma. The mix was then purified on a

Strep-tactin column (Iba), washed twice with PBS Mg2+/Ca2+

(Gibco) followed by 14 column volumes of PBS 0.3 M NaCl and

another 5 column volumes of PBS Mg2+/Ca2+. Elution was

performed using 2.5 mM D-desthobiotine (Iba) in PBS Mg2+/Ca2+.

Purified samples of recombinant NS1, human HDL (Merck Milli-

pore), human LDLs (Merck Millipore) or an in vitro reconstituted

NS1-HDL mix were analyzed by size exclusion chromatography on

a Superdex 200 10/300 column (GE healthcare). Protein standards

from Bio-Rad were used to interpret elution profiles. The protein

samples from the major peaks were further denatured in 5×

Laemmli sample buffer containing b-mercaptoethanol, boiled for

5 min at 95°C and separated by discontinuous sodium dodecyl sul-

fate (SDS) 4-15% polyacrylamide gel electrophoresis (SDS-PAGE

precast gels, Bio-Rad). The SDS-PAGE gels were stained in

Coomassie Blue solution (Bio-Rad).

Biolayer interferometry

DENV2 NS1 binding to HDL and LDL particles was monitored by

Biolayer Interferometry (BLI), using an Octet Red384 instrument

(ForteBio). Streptavidin-coated biosensors (SA, ForteBio) were

loaded with biotinylated anti-ApoA-I or anti Apo-B antibodies

(Abcam), followed by HDL or LDL, respectively. Subsequently the

biosensors were incubated in wells containing serial dilutions of

NS1 protein (concentrations ranging from 6.25 to 800 nM for HDL,

and from 36 to 2500 nM for LDL) and the BLI association signals

were recorded in real-time until they reached a plateau. Finally, the

biosensors were incubated in wells containing buffer to monitor the

dissociation of the complexes formed, before being regenerated for

further use in replicate experiments. The regeneration protocol,

comprising three subsequent 20 s washes in 10 mM Gly-HCl pH2,

could be applied up to eight times for up to two days without losing
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any loading capacity of the immobilized biotinylated antibodies.

The specific NS1 binding curves were obtained by subtracting the

non-specific signals measured on unloaded biosensors used as con-

trol references. The steady-state signals were determined at the end

of the association step and fitted using the following equation:

Req = Rmax*C/Kd + C where Req is the steady-state BLI response,

C the NS1 concentration, and Rmax the response at infinite concen-

tration. All measurements were performed at least three times to

determine experimental error. All experiments were performed at

20°C in PBS Mg2+/Ca2+ (Gibco) supplemented with 0.1% milk to

minimize nonspecific binding, using 96-well half-area plates

(Greiner Bio6One) filled with 150 µl per well, and a shaking speed

of 1,000 rpm. Data was processed using the Scrubber (v2.0 Bio-

Logic), BIAevaluation 4.0 (Biacore) and Profit (Quantumsoft)

softwares.

Binding inhibition of NS1 to HDL with anti-ApoA-I antibodies

was assessed using streptavidin-coated SA sensors (ForteBio) coated

for 900s with biotinylated anti-ApoA-I polyclonal antibodies (Abcam,

5 µg/ml in PBS-milk). Sensors were then further loaded for 900s

with purified HDL (Cell Biolabs, 20 µg/ml). Half of the HDL-loaded

sensors were then saturated with anti-ApoA-I antibodies (5 µg/ml

for 900s), while the other half were just washed with buffer. Finally,

all sensors were incubated into an NS1 solution (200 nM) for 1,200s,

and the levels of NS1 binding recorded as described above.

Analytical ultracentrifugation

NS1, HDL, and NS1-HDL mixtures at different molar ratios were

incubated 1 h at 37°C and centrifuged at 32,000 rpm for the com-

plexes in a XL-I and an Optima AUC (Beckman Coulter) analytical

ultracentrifuge, at 20°C in a four-hole AN 50-Ti rotor equipped with

3-mm and 12-mm double-sector aluminum epoxy centrepieces.

Detection of the biomolecule concentration as a function of radial

position and time was performed by absorbance measurements at

250 nm and 280 nm and by interference detection. Ultracentrifugation

experiments were performed in PBS+/+ (Gibco). Extinction coefficients

were extrapolated at 250 nm using the Utrascan II software. Sedimen-

tation velocity data analysis was performed by continuous size distri-

bution analysis c(s) using the Sedfit 15.0 software (Brown & Schuck,

2006). All the c(s) distributions were calculated with a fitted fractional

ratio f/f0 and a maximum entropy regularization procedure with a

confidence level of 0.95. Buffer viscosity and density as well as the

extinction coefficient of NS1 were calculated using the sednterp soft-

ware (http://www.jphilo.mailway.com/download.htm).

Molecular Mass and partial specific volume of NS1 and HDL

were calculated from multidetection AUC experiment. NS1 have

estimated mass for the monomer of 43 kDa with a partial specific

volume of 0.721. HDL have estimated mass of 164 kDa, in agree-

ment with mass photometry measurement (162 kDa, Fig EV5F),

and a partial specific volume of 0.843 ml/g in agreement with the

estimation from CsCl gradient (0.850 ml/g). Deconvolution of the

multi-detector signal into stoichiometric ratio was performed by

integrating all the peaks on each detector to determine the contribu-

tion of each partner present (NS1, HDL or both) and solving the

contribution of each partner to the signal.

Taking these measurements into consideration, we can convert a

mass ratio to a molar ratio as follows: a NS1:HDL mass ratio of 1:1

corresponds to a 1:1.6 molar ratio.

Differential scanning calorimetry (DSC)

Thermal unfolding of NS1 and of the NS1-HDL complex were

followed using a VP-Capillary DSC instrument (Malvern MicroCal)

in PBS buffer. The concentration of the NS1 hexamer was 0.2 mg/

ml and was used at a 2:1 molar ratio to form the NS1-HDL complex.

At least two DSC scans were recorded for each sample. Human HDL

(Merck Millipore) was incubated with NS1 for 1 h at 37°C prior to

the DSC experiments. Scan rate was 100°C/h with a filtering period

of 2. Thermograms were analyzed with the Origin software provided

by the manufacturer.

Electron microscopy and image analysis

Solutions of NS1 and NS1-HDL were spotted on glow-discharged

carbon grids, contrasted with 2% uranyl acetate and imaged with a

Tecnai F20 microscope (Thermo Fisher, USA) in low-dose condi-

tions. Automated acquisitions were performed using EPU software

(Thermo Fisher, USA) and images were acquired using a Falcon II

(Thermo Fisher, USA) direct detector.

HDL and NS1-HDL images were CTF-corrected (phase flip) and

sorted using the XMIP software (Velazquez-Muriel et al, 2005).

Corrected images were imported in Relion (Scheres, 2012). The

recommended strategy for particle picking was applied as follow: a

manual selection of particles compatible with the HDL or NS1-HDL

size was performed on a small number (about fifteen) of images. A

2D classification (40 classes) was performed, and five representative

well-defined classes were selected as template for the automatic

picking, leading to about 30,000 particles. A 2D classification (200

classes) was then performed. Classes obviously corresponding to

artefacts were suppressed and a final run of 2D classification (200

classes) was carried out.

Capture ELISA of NS1-lipoprotein complexes

Microtitration plates were coated overnight with purified mouse

anti-NS1 monoclonal antibody (MAb DEN-2 17A12). Wells were sat-

urated and washed before serial dilutions of human sera spiked with

purified DENV-2 NS1 or DENV1- or DENV-2-infected human sera

were added to wells for 2 h at room temperature. Wells were

washed again and incubated for 1 h at 37°C with anti-ApoA-I

(Novus Biologicals), ApoB or ApoE (Merck Chemicals LTD) poly-

clonal antibodies followed by a peroxidase-conjugated secondary

antibody (Jackson ImmunoResearch Laboratories) detected with a

3,3", 5,5"-tetramethyl-benzidine solution (UltraTMB, Thermo-

Fischer). Negative controls were measured when the reaction was

carried out in the absence of antigen. Absorbance values were

corrected by subtracting the mean value of the signal measured for

the negative controls.

Flavivirus NS1 proteins binding to HDL in human plasma

Purified NS1 from different flaviviruses (yellow fever, YF; ZIKA;

West Nile, WN; Japanese encephalitis, JE; The Native Antigen Com-

pany) were spiked for 1h30 at 37°C in normal human plasma and

NS1-HDL complexes were further detected by the NS1-ApoA-I

complex-specific ELISA (see Fig EV5C). Flavivirus NS1-ApoA-I com-

plexes were captured using an immobilized anti-dengue NS1 MAb
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cross-reactive for flavivirus NS1 protein. Bound ApoA-I was

further detected using a specific goat polyclonal antibody (Novus

Biologicals) followed by a species-specific peroxidase-labeled sec-

ondary antibody (Jackson ImmunoResearch Laboratories). The con-

centration values reported on the x-axis are given as an NS1

equivalent concentration.

Macrophages immune activation assay

Human monocytes were isolated from buffy coats and differentiated

into macrophages in medium supplemented with human AB serum,

as previously described (Allouch et al, 2013). Briefly, PBMCs were iso-

lated from whole blood using a Ficoll gradient centrifugation

(Eurobio). CD14+ cells were purified by magnetic bead separation of

PBMCs using CD14+ human positive selection kit (StemCell) and

plated 1 × 106 cells/ml on Teflon plates (Sarstedt) with 7 ml per plate

in the following medium: RPMI-1640 (Gibco), 2 mM L-glutamine

(LifeTechnologies), 1% penicillin-streptomycin (10,000 units penicil-

lin and 10 mg streptomycin/ml; Life Tech), 10 mM Na Pyruvate

(Life Tech), 10 mM HEPES (Life Tech), 1% MEM vitamins

(Life Tech), 1% NEAA (Life Tech), 50 lM beta-mercaptoethanol

(Life Tech), and 15% human serum (ICAReB facility, Institut Pasteur).

Monocytes were cultured in differentiating medium for 6–8 days,

after which the macrophages were scraped off Teflon plates and

counted. After spinning, the cells were resuspended at 1 × 106/ml in

the same medium but with 5% FBS instead of human serum.

Macrophages were plated at 0.5 million cells per ml in P24 plates

(Corning) and left 2 h in the incubator for cell sedimentation.

Aliquotes of serum-free media (Optipro, Gibco) were supplemented

with NS1 (10 µg/ml), HDL (2.5 µg/ml), a NS1-HDL mix at the same

respective quantities (2.5 NS1:1 HDL molar ratio), an equivalent

volume of PBS as negative control, LPS (100 ng/ml) as positive con-

trol, and incubated for 1 h at 37°C. Macrophages were then exposed

to the different suspensions for 24 h before collecting supernatants.

Inflammatory mediators were detected in clarified cell supernatants

using a hMagnetic Luminex Assay 5 Plex, R&D Systems, Bio-Techne

Ltd run on the BioPlex 200 System xMAP (BioRad Laboratories Inc.)

as per the manufacturer’s specifications. The antibody bead kit was

designed to quantify IL-1b, IL-6, IL-10, TNF-a. Standards were run

with each plate at every assay to titrate the level of cytokines pre-

sent. Statistical analyses were performed in Prism 6.0 (GraphPad

Software Inc.) Data are shown as individual points and means � SD.

Significant testing was performed using 2-way ANOVA. Primary

monocyte-derived macrophages were isolated from healthy donor

blood obtained from the French blood bank (Etablissement Français

du Sang) as part of a convention with the Institut Pasteur. In accor-

dance with French law, written informed consent to use the cells for

clinical research was obtained from each donor.

DENV-infected patient sera

Patients presenting acute dengue-like symptoms – between June and

October of 2011 and 2012 – were enrolled at the Kampong Cham

Referral Hospital, Cambodia. Inclusion criteria, following the WHO

1997 classification scheme, were children between 2 and 15 years

old who had fever or history of fever at presentation and onset of at

least two of the following symptoms within the previous 72 h: head-

ache, retro-orbital pain, muscle pain, joint pain, rash, or any

bleeding signs. We performed a prospective, monocentric, cross-

sectional study of hospitalized children with severe and non-severe

dengue. The study was approved by the Cambodian National Ethics

Committee for Human Research (approval #087NECHR/2011). All

patient enrollment and blood sampling occurred after obtaining writ-

ten informed consent from the patient’s parents or guardians. The

first visit was conducted at hospital admission. The day of onset of

symptoms was defined as day 0 of the illness. The last visit was

performed at the time of discharge for patients who recovered

entirely, or as a follow-up visit for patients still in the critical phase.

A clinical and biological follow-up including abdominal/chest ultra-

sound recording was conducted at each visit. DENV infection of hos-

pitalized patients was confirmed by NS1 antigen detection using

NS1-capture ELISA (Libraty et al, 2002; Alcon-LePoder et al, 2006;

Antunes et al, 2015) and/or RT-qPCR and/or virus isolation on Aedes

albopictus C6/36 cells on the plasma sample obtained at admission

(Andries et al, 2015). We observed that the NS1-capture ELISA set-

up based on the NS1 capture with the 4F7 MAb and the NS1 antigen

detection with a peroxidase-labeled 8G6 MAb could efficiently detect

the soluble NS1 hexamer or NS1 dimers associated to HDL but not

the NS1 protein interacting with ApoE. The study on dengue virus-

infected patients was approved by the Cambodian National Ethics

Committee for Human Research (approval #087NECHR/2011). All

patient inclusion and blood sampling occurred after obtaining writ-

ten informed consent from the patient’s parents or guardians.

Biosafety

Dengue virus-infected plasma samples were handled in a dedicated

biosafety level (BSL)-3 laboratory. The biosafety manual describes

standard and specific operating procedures. It is elaborated with the

support of our institution and adopted by all BSL3 users.

Data availability

No large primary datasets have been generated and deposited.

Expanded View for this article is available online.
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