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Abstract: Extracellular vesicles (EVs), produced during viral infections, are of emerging interest in
understanding infectious processes and host-pathogen interactions. EVs and exosomes in particular
have the natural ability to transport nucleic acids, proteins, and other components of cellular or viral
origin. Thus, they participate in intercellular communication, immune responses, infectious and
pathophysiological processes. Some viruses are known to hijack the cell production and content of
EVs for their benefit. Here, we investigated whether two pathogenic flaviviruses i.e. Zika Virus
(ZIKV) and Dengue virus (DENV2) could have an impact on the features of EVs. Analysis of EVs
produced by infected cells allowed us to identify that the non-structural protein 1 (NS1), described
as a viral toxin, was associated with exosomes. This observation could be confirmed under condi-
tions of overexpression of recombinant NS1 from each flavivirus. Using different isolation methods
(i.e. exosome isolation kit, size exclusion chromatography, Polyethylene Glycol enrichment, and
ELISA capture), we showed that NS1 was present as a dimer at the surface of excreted exosomes
and that this association could occur in the extracellular compartment. This finding could be of ma-
jor importance in a physiological context. Indeed, this capacity of NS1 to address EVs and its impli-
cation in the pathophysiology during Dengue or Zika diseases should be explored. Furthermore,
exosomes that have demonstrated a natural capacity to vectorize NS1 could serve as useful tools for
vaccine development.
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1. Introduction

In the last few decades, the emergence or re-emergence of RNA viruses has led to an
increased number of epidemics able to expand rapidly over large areas. Arboviruses are
a particular growing threat, with several medical concerns [1]. Dengue virus (DENV) and
Zika virus (ZIKV) from the Flavivirus genus of the Flaviviridae family which were dis-
covered in the mid-20th century, have particularly gained public awareness. Both are
pathogenic flaviviruses mainly transmitted by Aedes spp. mosquitoes. Climate and envi-
ronmental changes that favor the expansion of these mosquitoes beyond the tropics, and
the lack of validated treatments and vaccines increase the risk that these viruses will affect
more people worldwide [2,3]. Dengue virus, which exist in 4 stereotypes, could affect
more than 50% of the world's population by 2050 [4,5]. The number of annual human
infections is currently estimated at 400 million with only 10% of febrile disease cases re-
ported to the WHO. About 500,000 of these infections require hospitalization and more
than 20,000 lead to death [6]. The infectious pathology and its evolution are polymorphic.
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The risk factors for disease progression to severe forms (mainly related to dengue hemor-
rhagic fever and dengue shock syndrome) are still under debate. The main suggested
cause is related to the magnitude of viremia which could be associated with the virus
serotype or genotype, although none of the four serotypes has been clearly identified as
more pathogenic than the others. A recurring hypothesis links pathogenicity to a second-
ary dengue event, with intervals between infections resulting in an antibody facilitation
mechanism and an exacerbated inflammatory immune response that contributes to vas-
cular leakage. Finally, the impact of host factors as well as the roles of specific viral factors
have also been extensively discussed [7,8].

Regarding ZIKV, long considered harmless with very few cases of human infection,
epidemics in the Pacific Islands (2007-2014) and then in Brazil (2015) have highlighted the
threat that this virus represents for the human population [9,10]. During these outbreaks,
an increasing number of serious outcomes of the infection, including Guillain-Barré syn-
drome in adults and congenital zika syndrome (CZS) have pointed out the danger of this
lesser-known infectious agent [11-13]. In addition, evidence of maternal-fetal and sexual
transmission, as well as a viral persistence in certain biological fluids, have highlighted
specific characteristics of ZIKV within the flavivirus genus [14]. All these concerns have
led to a global effort in ZIKV research, notably to decipher its pathophysiology and de-
velop a vaccine to prevent severe forms of infection. However, for both flaviviruses, the
exact mechanisms behind the different pathological consequences of the infection remain
poorly understood.

Among the viral factors suspected of influencing the outcome of the disease induced
by these two flaviviruses, the non-structural protein 1 (NS1) is outstanding. During an
infection, this viral protein circulates in the blood and is reported to act as a toxin. Briefly,
DENYV and ZIKV genomes encode seven non-structural (NS) and three structural proteins
whose expression are required for the virus multiplication cycle in infected cells. Viral
proteins are produced by the maturation of a polyprotein synthesized and incorporated
into the endoplasmic reticulum. Among the structural proteins, the capsid (C) organizes
the nucleocapsid structure while envelope (E) and membrane (prM/M) proteins are lo-
cated at the surface of the viral particles. The seven non-structural proteins (NS1, NS2A,
NS2B, NS3, NS4A, NS4B, and NS5) have specific activities for RNA replication. Initially
part of the viral polyprotein, NS1 is cleaved and released into the lumen of the endoplas-
mic reticulum where its N-glycosylation leads to a protein whose monomer has a molec-
ular weight of 46-55 kDa [15]. NS1 is a multifaceted glycoprotein that forms homodimers
when associated with the ER lumen and organelle membranes and hexamers that are re-
leased from infected cells after maturation in the trans-Golgi network. The amount of cir-
culating NS1 in the bloodstream is variable, reaching up to 50 pug.mL-1 in case of dengue
[16], whereas during ZIKV infection the level of soluble NS1 found in the extracellular
compartment is about 30 ng.mL-1 [17]. In both cases, NS1 detection in the serum of pa-
tients can be used for diagnosis [18,19]. NS1 is a conserved glycoprotein among fla-
viviruses, with structural similarity and sequence identities in the range of 53-56% be-
tween DENV-NSI and ZIKV-NS1 [20], but the ZIKV-NS1 protein has not been studied as
extensively as DENV-NS1. During DENV infection, NS1 is known to act as a scaffolding
protein promoting the formation of vesicle packets, which host the viral replication ma-
chinery [21,22]. DENV-NSI1 has also been shown to interact with components from both
the innate and adaptive immune systems thereby participating in immune evasion [23,24].

Its circulating form has been associated with the development of severe forms of in-
fection due to vascular leakage [22]. DENV-NSI, described as a viral toxin, may contribute
to functional alterations of the endothelium in both cytokine-dependent [25,26] and inde-
pendent manners [27]. The mechanisms involved include disruption of intercellular junc-
tions and damage of the glycocalyx [27,28]. Recently, it has been also reported that ZIKV-
NS1 can alter the junctional integrity of endothelial cells composing the blood-brain bar-
rier [26,29]. However, the exact underlying mechanisms of the endothelial and epithelial
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barrier dysfunctions and fragility observed during ZIKV and DENV infections are not
fully understood.

Exosomes are widespread small extracellular vesicles (EVs) of endosomal origin with
a heterogeneous diameter ranging from 30 to 150 nm [30]. They are produced by a variety
of eukaryotic cells [31] and play a crucial role, ensuring intercellular communication and
maintaining biological homeostasis [32]. This is due to their ability to transport and de-
liver to target cells a wide variety of molecules like nucleic acids, metabolites, lipids, and
proteins [33]. Exosomes can be distinguished from other EVs, especially those produced
from the plasma membrane, by their smaller size and by various markers such as tetra-
spanins (CD63, CD81, CD9), TSG101, and others [34,35]. Indubitably, exosomes are now-
adays a matter of special concern due to their recent involvement in pathophysiological
processes such as cancer [36,37], neurodegenerative diseases [38], cardiovascular disease
[39], metabolic syndrome [40,41], and even fibrosis [42,43].

Additionally, links between exosomes and infection have been explored. Their role
in the progression of infection seems ambivalent, both anti-infectious by promoting im-
mune responses and activation of immune cells, or pro-infectious by transmitting mole-
cules of the pathogen and assisting it precisely in immune escape [44]. The involvement
of exosomes in the dissemination and pathogenesis of intracellular pathogens is highly
questioned because of their ability to traffic from and to plasma membranes across the
endosomal pathway [35]. For example, the hepatitis C virus (HCV), a member of the Fla-
viviridae family, can hijack exosomal biogenesis to package its own genome into intralu-
minal vesicles, producing pseudo-viral but infective particles [45,46]. HCV can also incor-
porate its E2 protein into exosomes, leading to increased susceptibility of recipient cells
[47]. The same was recently observed, with viral protein and RNA uptake by exosomes,
during infection of epithelial cells with chikungunya virus [48]. In the case of Dengue in-
fection, exosomes have been proposed as the missing piece in the explanation of the oc-
currence of dengue haemorrhagic fever [49,50]. For Zika, EVs derived from ZIKV-infected
endothelial cells and carrying ZIKV components may have the capacity to disturb the
blood-brain barrier [51]. Despite these recent findings, much remains to be clarified about
the specific characteristics of exosomes produced during infection with pathogenic fla-
viviruses, their ability to convey viral factors and their role in the development of virus-
related diseases. Here, we wondered whether ZIKV and DENV?2 infections could affect
the exosomes produced in the extracellular compartment and found that the NS1 protein
was associated with these EVs. We then obtained cells stably expressing ZIKV-NS1 or
DENV-NSI to better characterize the NS1 protein association with exosomes.

2. Materials and Methods
2.1.  Cell culture, Viruses, and Infection

A549-Dual™ cells (InvivoGen, Toulouse, France, a549d-nfis) designated hereafter as
A549 cells were cultured at 37°C under a 5% CO2 atmosphere in 4,5 g.L-1 glucose Dulbec-
co's Modified Eagle’s Medium (DMEM) (PAN Biotech Dutscher, Brumath, France) sup-
plemented with 1% or 10% of heat-inactivated fetal bovine serum (FBS) (Dutscher, Bru-
math, France), 100 U.mL-1 penicillin, 100 pg.mL-1 streptomycin, 2 mM L-glutamine, and
0.5 pg.mL-1 amphotericin B (PAN Biotech, Dutscher, Brumath, France) and supplemented
with 10 pg.mL-1 blasticidin and 100 pg.mL-1 zeocin (InvivoGen, Toulouse, France). Hu-
man Embryonic Kidney, HEK 293T (CRL-3216) were cultured at 37 °C under a 5% CO2
atmosphere in DMEM, supplemented with 5% or 10% heat-inactivated FBS. For exosome
purification, cells were grown in 1% FBS media or in Panserin 401 (PAN Biotech Dutscher,
Brumath, France). The ZIKV clinical isolate PF-25013-18 (PF13) has been previously used
and described [52]. The DENV2 clinical isolate, strain UVE/DENV2/2018/RE/47099 was
provided by the H2020 European Virus Archive goes global (EVAg). The two flaviviruses
were amplified on Vero E6 cells and titrated by plaque forming-unit assay before infection
of the A549 cells at a multiplicity of infection (moi) of 5 for 48 hours for ZIKV and 72h for
DENV2.
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2.2.  Flow cytometry assay of infected cells

To detect infected cells, we used the mouse anti-pan flavivirus envelope E protein
mAb 4G2 produced by RD Biotech (1:1000 in PBS-BSA 1%). A549 cells were first har-
vested, fixed with 3.7% PFA in PBS for 10 mins, then permeabilized for 5 mins with PBS
1X 0.15% Triton X-100, and incubated with mAb 4G2 for 2 hours, followed by 30 mins of
incubation with Alexa Fluor 488 anti-mouse secondary antibody (1:1000 in PBS-BSA 1%).
The cells were washed with PBS and then subjected to flow cytometric analysis using Cy-
toflex (Beckman). Results were analyzed using cytExpert software.

2.3. Plasmids and Transfection

For the expression of the recombinant ZIKV-NS1FLAGtag, the construct was the one we
previously designed, characterized, and used [53]. It is based on cloning of the NS1 se-
quence of the ZIKV BeH819015 strain into the pcDNA3.1(+) Neo plasmid. Mammalian
codon-optimized gene coding NS1 of DENV2 (UVE/DENV2/2018/RE/47099) was estab-
lished using Cricetulus griseus codon usage as reference. A sequence encoding a Secrecon
signal peptide [54] and a V5 tag was added respectively upstream and downstream of the
synthetic NS1 sequence. The NS1 coding sequence was inserted upstream of an IRES that
allows the translation of a puromycin resistance gene. The synthesis of the bicistronic gene
sequence and its subcloning into Nhe-I and Xba-I restriction sites of the pcDNA3.1(+) Neo
vector, to generate pcDNAB3.1-NS1-DV2Vstag, was performed by Genecust (Boynes,
France). As control, using the same design, a sequence encoding the secreted embryonic
alkaline phosphatase with an His tag (SEAP, Uniprot: P05187) was subcloned into the
pcDNA3.1(+) Neo vector for pcDNA3.1-SEAPHIS tag,

At 70-80% of cell confluence, HEK 293 cells were transfected by lipofection using
Lipofectamine™ 3000 reagent (L3000-015, Invitrogen, Carlsbad, CA), according to the
manufacturer’s recommendations, with 2.5 ug of DNA.

In order to obtain stable HEK 293 cell lines, expressing either ZIKV-NS1flaGtag |
DENV2-NS1V5tag proteins, or SEAPHS-tag, were further selected using geneticin or puro-
mycin at 2 pg.mL" and maintained in culture in complete DMEM supplemented with the
antibiotic at the same concentration.

2.4. Exosomes sampling

For comparison and optimisation purposes, several techniques for extracting exo-
some fractions were used in our study. The presence of classical markers of exosomes, i.e.
CD63 and CD81 was verified on the fractions isolated by these techniques.

2.4.1. Exoeasy Maxi kit®

Exosomes were purified from cell culture supernatants (CCS) using Exoeasy Maxi
kit® (Qiagen, 76064) according to manufacturer instructions. Briefly, cell culture superna-
tants (CCS) were collected and centrifuged for 10 min at 1000 g. For A549 infected cells,
prior to exosome extraction and in order to inactivate the viruses, CCS were exposed to
1000 J/m2of UV light for 15 min. 7 mL of buffer XBP was added to 7 mL of CCS and loaded
on Exoeasy columns. Columns were centrifuged at 500 g for 1 min. Then, XWP buffer was
added to the column followed by centrifugation at 5000 g for 5 min. Finally, exosomes
were eluted from the column with 1 mL of XE buffer followed by centrifugation at 500 g
for 5 min.

2.4.2. Ultrafiltration and Size exclusion chromatography

CCS of transfected HEK 293 cells was harvested and filtered with a 0,22 uM filter.
Then, CCS was submitted to ultra-centrifugation (20 minutes - 17,000 g at 4°C) using Op-
tima L-80 XP Ultracentrifuge (Beckman Coulter). The resulting supernatant was ultrafil-
trated using a Vivaflow 200 cell with a cut-off of 100 000 Da (Sartorius, VF20H4) and fi-
nally concentrated to 1 mL. Purification of exosomes has also been performed using size
exclusion chromatography (SEC) on AKTA Pure™ chromatography system (GE
Healthcare, Uppsala, Sweden) equipped with a 1 mL loop and a F9-C fraction collector.
The 1 mL concentrated supernatant was injected on a double tandem superose 6 Increase
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10/300 GL column [55]. Unicorn software 7.0 was used for data collection and analysis.
During SEC, absorbance at 260-280 nm, conductivity, and pH were monitored. Fractions
of 1 mL were harvested and processed for further studies.

2.4.3. PEG exosome purification

CCS was collected and centrifuged at 2000 g for 30 minutes at 4 °C to remove apop-
totic bodies and cellular debris (giving pellet P1 and supernatant S1). A Polyethylene Gly-
col (PEG) solution was prepared as described previously doi: 10.1038/srep23978 and
added to S1. The 10% PEG-S1 mixture was left at 4 °C overnight and then centrifuged at
3000 g for 1 hour. The pellet (P PEG) was resuspended in 11mL of sterile PBS 1X. 1 ml was
kept to perform the dotblot and the remaining 10 ml was ultracentrifuged at 100,000 g
4 °C without brake at an acceleration 5 using a rotor Sw41. The pellet (P2) containing the

extracellular vesicles resulting from the ultracentrifugation was resuspended in 1 ml of
PBS.

2.5.  Dynamic Light Scattering

Exosomes’ size and distribution were evaluated by dynamic light scattering (DLS)
employing a Nano S Zetasizer (Malvern Instruments) equipped with a light source from
a4 mW He-Ne laser (A = 633 nm) and a scattering angle of 173°. Each sample was filtered
on a 0,22 um membrane before analysis. The results were processed and analyzed using
Zetasizer software (Malvern, UK).

2.6. Western blot, Dot blot, Antibodies and recombinant Proteins

For western blot assays, samples were lysed with TEN buffer (0.1M Tris-Cl pH 8.0,
0.01M EDTA pH 9.0, and 1M NaCl) and treated in Laemmli buffer, processed by SDS-
PAGE and transferred onto nitrocellulose membrane as previously reported [46,47]. For
Dot blot assays, 2.5 pL of CCS or cell extracts was spotted on nitrocellulose membrane.
Nitrocellulose membranes were first saturated for 30 min with TBS-5% milk 0.05% Tween.
The blots were next incubated for 1h with the appropriate dilution of primary antibody
in TBS - 2.5% milk — 0.05% Tween. Primary antibodies used were, for NS1 detection, rabbit
anti-Dengue Virus NS1 glycoprotein antibody [DN3] from Abcam (1:1000, ab41616),
mouse anti-FLAG mAb (FLAG) (1:1000, Cell signaling technology, Danvers, MA, USA or
1:200, sc-166355, Santa-Cruz Biotechnology Inc., Santa Cruz, CA, USA), mouse anti-CD63
(1:200, sc-5275, Santa-Cruz Biotechnologylnc., Santa Cruz, CA, USA), mouse anti-CD81
(1:200, sc-23962, Santa-Cruz Biotechnology Inc., Santa Cruz, CA, USA), mouse anti-FLAG,
mouse anti-V5, mouse anti-His, rat anti-albumin (1:1000, 04-100-812-E, Euromedex, Paris,
France), rabbit anti-B-actin (1:1000, LE-PA0209, Abfrontier, Seoul, Korea). Anti-rabbit-cou-
pled HRP and anti-mouse-coupled HRP antibodies were used as secondary antibodies
(dilution 1:2000, Abcam, Cambridge, UK) in TBS — 2.5% milk — 0.05% Tween. The mem-
branes were revealed with Pierce ECL Western blotting substrate (RPN 2232, Cytiva Life
Sciences™, Fisher Scientific, Illkirch, France) and exposed with an Amersham imager 600
(GE Healthcare). Recombinant ZIKV-NS1H5tag (strain Zika SPH2015) and DENV2-NS1Hs-
g (Dengue type 2, strain New Guinea C) were from Sino Biological.

2.7.  ELISA capture of exosomes

MaxiSorp™ plates were coated at 4°C overnight with mouse anti-CD81 antibody
(1:100, sc-23962, Santa-Cruz Biotechnology Inc., Santa Cruz, CA, USA). Then, saturation
was processed with 100 uL/well of 1X Assay diluent for 1 hour under agitation. CCS of
HEK293 stably expressing ZIKV-NS1FLAGtg was incubated for 2h at room temperature.
After a washing step, a mouse anti-FLAG antibody (1:100, sc-166355, Santa-Cruz Biotech-
nology Inc, Santa Cruz, CA, USA) was incubated for 1 hour at room temperature under
agitation. Finally, a goat anti-mouse-HRP antibody (ab6789, Abcam, Cambridge, UK) was
added for 30 min at room temperature. Between each incubation step, wells were washed
with PBS-Tween 0.05% three times. HRP activity was revealed using 50 uL of 3,3’, 5,5'-
tetramethylbenzidine (TMB solution, 00-4201-56, eBioscence, Inc, San Diego, CA USA,
Invitrogen) as HRP substrate and stopped with 50 uL of HCL 0.2 N. Absorbance was read
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at 450 nm, with a reference at 570 nm, using a Fluostar Omega microplate reader (BMG
LabTech).

2.8. QUANTI-blue assay

Briefly, the supernatant of HEK293 transfected with SEAP was harvested and exo-
somes were purified using Exoeasy Maxi kit® as mentioned above. After purification, Se-
creted Alkaline Phosphatase activity of each fraction was assessed using QUANTI-blue
solution (Invivogen, San Diego, CA, USA) following the manufacturer’s recommenda-
tions. Briefly, 20 uL of crude supernatant, exosomes fraction, and flowthrough were incu-
bated with 180 puL of QUANTI-blue solution at 37°C for 1h. The absorbance was then read
at 620 nm using a Fluorstar Omega microplate reader (BMG LabTech).

2.9. Statistical analyses

Statistical analyses were done using Graph-Pad Prism software version 9. Values of
p<0.05 were considered statistically significant. Degrees of significance are indicated in
the figure captions as follows: ** p<0.001; **** p<0.0001, ns = not significant.

3.  Results
3.1.  Infection with ZIKV or DENV2 results in co-elution of NS1 with exosomes.

We first wondered whether infection with ZIKV or DENV2, with described NSI1 se-
cretion by infected cells, would affect vesicles found in the extracellular compartment. We
performed in vitro infection of the human A549 epithelial cells, which are widely used
because of their permissiveness to both Zika[52] and Dengue viruses [56]. Cells were in-
fected at moi 5 and cell culture supernatants (CCS) were collected at 48h post-infection for
ZIKV, and 72h for DENV-2. These time points correspond to steps in the infection kinetics
at which cytopathic effects are not yet prominent, thus limiting the amount of debris and
apoptotic bodies in the CCS. Infection was monitored by measuring cells labeled with a
pan-flavi antibody (4G2) by flow cytometry (Supplementary figure 1). Exosomes were ex-
tracted from CCS using the Exoeasy Maxi kit® from Qiagen. Quantitative and qualitative
aspects of exosomes fractions were first analyzed by dotblot and immunodetection of tet-
raspanins (using anti-CD63) (Figure 1A). The CD63 signal obtained suggests an increase
in the quantity of exosomes under infection conditions. This was already reported in the
literature for exosomes produced by DENV-infected mosquito cells [57]. In addition, the
dot blot revealed that NS1 was co-eluted with exosomes (Figure 1A). A Western blot con-
firmed that DENV2-NSI protein was present in the exosome fraction in its dimeric form
(Figure 1B). DLS analysis of the exosome profiles reveals a reshape in the distribution of
vesicles after infection (Figure 1C). EVs tend to have increased sizes, which is confirmed
by the observation of the z-average (The Z average is the intensity weighted mean hydro-
dynamic size of the ensemble collection of particles measured by DLS) (Figure 1C and
Table 1). For the population of vesicles with the smallest sizes, their quantity increases as
well as their size. For the population of larger vesicles, their size increases slightly but
their quantity decreases.
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Figure 1 — ZIKV and DENV2 infected A549 cells produce exosome-like particles associated with
NS1 protein. (A) The NS1 protein of both ZIKV and DENV2 is found associated with the exosomal
fraction obtained from the cell culture supernatants (CCS) of A549 infected cells. The tetraspanin
CD63 detected on the dot blot of exosomal fractions provides insight into the amount of exosomes
extracted. (B) Western blot analysis of the exosome fraction heated (HT) (+) or not (-) produced by
DENV?2 infected cells show the presence of NS1 in dimeric form. A unique band with an apparent
mass of ~48 kDa is observed after heating (+). (C) DLS analysis of exosomes produced by A549 cells
during ZIKV (green) or DENV2 (blue) infection. Both DENV2 and ZIKV infections appear to slightly
reshape the distribution of vesicles.

Table 1 - Increased size of exosome during both ZIKV and DENV2 infection

Standard p-value
Sample Z-average (d.nm) L
deviation (vs.mock)
Mock 230.6 3.519 -
ZIKV 259.4 16.32 0.0057
DENV2 277.5 7.301 0.0001

Z-average: The Z average is the intensity weighted mean hydrodynamic size of the ensemble col-

lection of particles measured by dynamic light scattering (DLS).

3.2.  Owerexpression of recombinant ZIKV-NS1FLAGts protein and DENV2-NS1V5 lead to co-
elution of NS1 with exosome-like particles.

To clarify the relationship between exosomes and NS1, stable expression of tagged-
recombinant NS1 proteins from both ZIKV (ZIKV-NSIFAGtag) and DENV2 (DENV2-
NS1V5tg) was achieved by the transfection of HEK293. To ensure that any secreted protein
does not end up in the exosome fraction, a stable HEK293 cell line was obtained by trans-
fecting with a control construct allowing the expression and secretion of the secreted Al-
kaline Phosphatase (SEAP) protein. Heterogeneous populations of cells expressing ZIKV-
NS1FtaGg, DENV2-NS1V>t8, or SEAPHStag were selected and maintained in media sup-
plemented with their respective selective antibiotics. Stable overexpression and secretion
of the two NS1 recombinant proteins were assessed with western blot analysis of the CCS
as shown in Figure 2A. Heat treatment of the CCS protein extract from the ZIKV-NS1FLAG-
g stable HEK293 cell line results in a single band with an apparent molecular weight of
~48 kDa. This may correspond to the monomeric form of the previously described ZIKV-


https://doi.org/10.20944/preprints202212.0466.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 December 2022 d0i:10.20944/preprints202212.0466.v1

8 of 17

NSI1 protein [58]. Consistent with this result, in the non-heat-treated condition, the signal
at ~76 kDa band may be related to a dimeric form of NS1. For DENV2-NS1V>t¢ , heat
treatment allow us to detect dimeric form at the expected apparent mass [59]. The hex-
americ forms couldn’t be detected in our conditions. For the two cell lines overexpressing
the NS1 of ZIKV and DENV?2 respectively, western blot results indicate that the secreted
NS1 protein is present in the CCS mainly as a dimer although we cannot exclude the pres-
ence of hexamers that we were not able to detect.

We then proceeded to the extraction of exosomes from CCS using Exoeasy Maxi kit®.
We verified the exosome enrichment of our fractions by immunodetection of the tetra-
spanins (CD81 and CD63) (Figure 2B). We then investigated whether our secreted proteins
were found in the exosome fractions. We found that although SEAPHS28 was found in the
supernatant (Figure 2C) where its activity was also detected by quantiblue measurement
(Figure 2D), it was not found in the exosome fraction. We verified that SEAP was not
contained within the vesicles as we could not detect it in the lysed exosomes (Figure 2C).
When looking at the exosome fractions obtained from CCS of HEK cell lines that stably
express NS1, we observe that both ZIKV-NS1 detected with the anti-flag and DV2-NS1
detected with the anti-V5, were co-eluted with exosomes (Figure 2C). Western blot anal-
ysis of the exosome protein extracts confirmed the presence of the NS1 proteins in the
exosome fraction in their dimeric form (Figure 2E).
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Figure 2 — The overexpressed ZIKV-NS1:AGts and DENV2-NS1V>¢  co-elute with exosome-like
particles. (A) The recombinant ZIKV-NS1FAGtag and DENV2-NS1V5t8, overexpressed in stable HEK
cell lines are present in the CCS, mainly as dimers. (B) The tetraspanins CD81 and CD63 are immu-
nodetected in the exosome fractions of CCS from cells expressing the different secreted recombinant
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proteins. (C) When detecting the recombinant proteins in the CCS and exosomal fractions, only the
NS1 proteins were detected in the exosomal fractions and a similar signal was obtained whether or
not the vesicles had been lysed. (D) SEAP activity was estimated by quantiblue assay. CCS and the
flowthrough remaining from the exosome extraction using the kit, exhibited SEAP activity, but not
purified exosomes, **** p <0.0001, ns (not significant) (E) ZIKV-NS1A6tg¢ and DENV2-NS1V5t8 are
found associated with exosomes in their dimeric form.

3.3.  The overexpressed ZIKV-NS1FLAGteg protein localizes to the surface of exosomes.

To clarify the relationship between exosomes and NSI, stable expression of tagged-
recombinant NS1 proteins from both ZIKV (ZIKV-NSI1FLAGtg) and DENV2 (DENV2-
NS1V5tag) was achieved by the transfection of HEK293. To ensure that any secreted protein
does not end up in the exosome fraction, a stable HEK293cell line was obtained by trans-
fecting with a control construct allowing the expression and secretion of the secreted Al-
kaline Phosphatase (SEAP) protein.

To demonstrate the possible interaction between exosomes and NS1, we proceeded
to isolate EVs through several approaches. First, we prepared EVs fractions by combining
ultrafiltration and size exclusion chromatography (SEC) techniques. The first step of ul-
trafiltration and concentration was carried out on the CCS of HEK293-NS1 resulting in the
presence of ZIKV-NS1FLAGtag protein in the >100 kDa fraction (Figure 3A). The >100 kDa
fraction was then submitted to size exclusion chromatography. Based on preliminary as-
says, we decided to focus on the 13 mL to 15 mL fractions. These fractions were revealed
in dot blot showing a potent signal for CD81 (Figure 3B). The presence of ZIKV-NSIFLAG-
tag in the 13 mL to 15 mL fractions was also investigated. Of note, using FLAG-tag directed
antibodies, we showed the presence of NS1 in the exosomes-like fraction of HEK293-NS1,
while no signal was found in the exosomes-like fraction of HEK293-SEAP (Figure 3B).
Finally, a third method of collecting extracellular vesicles, based on polyethylene glycol
precipitation, was applied. The exosome enrichment of the resulting pellet and the com-
bined presence of ZIKV-NS1FLAGtg were confirmed (Figure 3C). Altogether, these results
suggest a co-elution of ZIKV-NS1FLAGteg protein with exosome-like particles that were ob-
tained by several different methods and support the hypothesis of an interaction between
NS1 and exosomes.

At this point, we have been able to show that ZIKV-NS1FLAGtag overexpression results
in detecting NS1 protein with the exosomes-like EVs produced by the cells. The question
that arises is how NS1 is associated with these EVs. In order to test whether NS1 is found
on the surface of exosomes we performed an ELISA capture assay using anti-CD81 anti-
bodies. Then, HEK293-ZIKV-NS1FtAGtag CCS was incubated on CD81 coated plates and
ZIKV-NS1FLAGtag protein was detected with an anti-FLAG antibody. As shown in Figure
3D, a significant difference in absorbance was observed between CCS of the HEK293-NS1
and control HEK293. This indicates that NS1 protein is detectable and therefore present
on the surface of exosomes. At last, DLS analysis of the fractions revealed that overexpres-
sion of ZIKV-NS1FLAGtg a5 well as DENV2-NS1V5tag produced an increase in the average
size of the vesicles detected (Figure 3E and Table 2). Although the size ranges of EVS pro-
duced by HEK293 are different from those of A549, it can be noticed that there is an in-
crease upon NS1 overexpression and secretion, as with ZIKV or DENV2 infected cells
(Figure 1). It could therefore be assumed that the association of NS1 with EVs is likely to
alter their characteristics and potentially their behaviors.
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Figure 3 — ZIKV-NS1FLAG a8 js present in the exosome fraction. (A) Western blot analysis of HEK293-
NS1 supernatant following ultrafiltration. Mouse anti-FLAG antibody was used to detect ZIKV-
NS1FtAGta, while the detection of albumin served as protein loading control. (B) Dot blot analysis of
putative exosome fractions. After the ultrafiltration step, size exclusion chromatography was car-
ried out on the >100 kDa fraction. Detection of ZIKV NS1 was achieved using a mouse anti-FLAG
antibody, whereas CD81 was chosen as a marker for exosomes. (C) CCS containing CD63 positive
EVs and secreted ZIKV-NS1FAG-2g (S1) were treated with PEG and centrifuged to obtain a pellet
enriched in EVs. CD63 was found in the first pellet (P PEG) and after the second ultracentrifugation
step (P2) validating the enrichment of exosomes which were also found associated with ZIKV-
NS1FtaGtag (D) ELISA capture of the exosomes present in the supernatant of HEK293-ZIKV-NS1F-AG
g versus control. Exosomes were captured by an anti-CD81 antibody coated on Maxisorp® plate.
NS1FLAGtag protein was detected using a mouse anti-FLAG antibody. ** p<0.001. (E) DLS analysis of
the exosomal fractions.

Table 2 — Overexpression of ZIKV and DENV2 NS1 lead to an increase of exosomes size

Standard p-value
Sample Z-average (d.nm) o
deviation (vs.mock)
Mock 123.4 8.916 -
SEAP 119.5 3.627 ns
ZIKV NSIFLAG Tag 183.7 2.970 0.0001
DENV2 NS1FLAGTag 209.3 4.382 0.0001

3.4. The soluble NS1 proteins from ZIKV or DENV?2 are able to associate with vesicles present
in the extracellular compartment.
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Our above data demonstrated an association of NS1 with exosome-like vesicles fol-
lowing infection with ZIKV or DENV2 as well as upon overexpression of the two recom-
binant NS1 proteins. We aimed to determine whether the formation of vesicles-NS1 con-
jugates relates to intracellular exosome biogenesis or/and ability of flavivirus NS1 to as-
sociate with lipid nanoparticles. Consequently, CCS samples from HEK293 cells grown in
panserin were filtered using a centrifuge concentrator with a 100 kDa cutoff and the con-
centrated EV-containing CCS were supplemented with 100 ng.mL-1 recombinant ZIKV-
NS1HIS-tag or DENV2-NS1HIS-tag proteins, the concentrations consistent with known
flavivirus NS1 antigenemia. After 30 minutes or 4 hours of incubation, extraction of EVs
by the PEG precipitation technique was performed as described in the previous section.
Dot blot analysis of samples identified free NS1 and EV-NS1 conjugates (Figure 4). The
formation of EV-NS1 conjugates was observed for ZIKV-NS1HIS-tag (immunodetected
with the anti-His antibody, Figure 4A) and DENV2-NS1HIS-tag (immunodetected with
the NS1 antibody, Figure 4B). Such results suggest that soluble NS1 can interact extempo-
raneously with EV surface.

L 6 G
& & &

. x G (€]
Y &
& & Y

30 min ® o »

anti-His anti-NS1

4 hours o ® »

30 min

4 hours

Figure 4 — ZIKV and DV2 NS1 recombinant proteins bind to extracellular vesicles. CCS of HEK was
collected 48h post-platting and incubated with ZIKV-NS1H5t¢ (A) or DENV2-NS1HSts (B) for 30
mins and 4 hours. CCS was then proceeded to the PEG exosome precipitation as mentioned previ-
ously. The positive control (CTL+) corresponds to 0,2ng of NS1 solubilized in panserin. Dot blots
were performed using anti-His and anti-NS1 antibodies to detect ZIKV and DV2 NSI proteins re-
spectively. NS1 of ZIKV and DV2 were found associated with EVs as early as 30 min post incuba-
tion.

4, Discussion

The data on the involvement of extracellular vesicles and in particular exosomes in
infectious processes remain limited but are receiving increasing attention. The release of
these vesicles from infected cells seems to be part of the defense mechanisms, particularly
important in signaling to the immune system. The research community's concern in these
processes has revealed that many viruses use or hijack these pathways to transport some
of their components, thus diversifying their modes of propagation and pathological ef-
fects. However, little is known about the exosomes produced in the case of DENV and
ZIKV infection. Although the clinical patterns and development of disease differ between
DENYV and ZIKYV infections, a functional alteration of the endothelial and epithelial barri-
ers is the most prominent mechanism proposed to explain the characteristics of both in-
fections. Effects linked to similar mechanisms of action of the two NS1 viral proteins are
the most likely since this toxin is found circulating in both cases. Thus, the pro-inflamma-
tory and barrier-damaging activity of DENV-NSI1, as well as ZIKV-NS1, has been exten-
sively documented [60,61].

In this study, we were, therefore, able to show that in vitro cell infection with ZIKV,
as with DENYV, results in the production of "exosome-like" extracellular vesicles. These
exosomes had the hallmark presence of the classical markers CD63 and CD81 and were
characterized by the associated presence of the viral protein NS1 (Figure 1). By obtaining
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HEK293 cell lines stably expressing and secreting a recombinant ZIKV-NS1fL.AGtg or
DENV2-NS1V5tag, we were able to show that there was indeed an interaction of NS1, de-
tected in its dimeric form, with exosome-like EVs (Figure 2). Then we were able to state
that dimers of NS1 were located on the surface of vesicles, as shown by ELISA capture
assay (Figure 3). Finally, incubation of cell supernatant with a soluble recombinant NS1
protein from both DENV2 and ZIKV revealed that NS1 was subsequently found in the
exosome fraction (Figure 4). This suggests that in addition to the hexameric form de-
scribed as the form circulating in biological fluids, NS1 is actually able to take a new
transport route through dimer association with EVs. Finally, when analyzing the EVs pro-
files in DLS, infection and interaction with NS1 appear to be able to reshape the distribu-
tion and the size of the vesicles (Figure 1 and 3).

Exosomes released by cells through their secretory pathways compose the pool of
small extracellular vesicles, which can be distinguished from other EVs by the presence of
tetraspanins. They have established vehicles for conveying many types of chemical medi-
ators between cells [35]. However, the exploitation of exosome communication pathways
by viruses for their own benefit is a recent discovery [44]. Surprisingly there are only a
few data available on EVs produced during DENV infection of human cells, although sev-
eral studies, which mainly focus on cellular factors, report altered mRNA, miRNA and
protein content related to immune responses [49,62,63]. Thus Mishra et al. report that both
DENYV infection and NS1 overexpression induce a high loading of exosomes with a cellu-
lar miRNA (miR-148) known to exert immunosuppressive activity [64]. These EVs, inter-
nalized by human microglial cells, would modulate neuroinflammation. The protective
or contributory role of EVs in pathology has also been explored in the case of ZIKV infec-
tion and available data has been extensively reviewed by Caobi et al. or Reyes-Ruiz et al.
[65,66]. Again, several studies reported in these reviews reveal that EVs, especially those
produced during the passage of the virus by the arthropod vector, could explain certain
responses of human receptor cells and participate in endothelial vascular cell damage.
EVs could also facilitate virus cell-to-cell transmission [67]. The recent work of Fikatas et
al. provides crucial information on the role that EVs could play in modifying the integrity
of the blood-brain barrier [51]. They show the ability of EVs to incorporate and transfer
ZIKV RNA, NS1 and Envelope protein to several recipient cells. They also show the ability
of these EVs to disrupt the structure of human brain microvascular endothelial
(hcMEC/D3) cell junctions.

With our findings, we now provide important new information, which is that EVs
are coated with NS1. This raises questions about the impact that this viral toxin, present
on the surface of exosomes, may have on communication between cells. Would it alter
exosome tropism and uptake? Would it direct exosomes more specifically towards the
endothelial surface depending on the structure of the NS1 exposed [68]? Could this mode
of transport stabilize the protein and allow it to circulate more sustainably in the body?
These are all questions that will need to be clarified in the future.

Our study also revealed that the association of NS1 with EVs is more likely to occur
in the extracellular environment rather than during the intracellular exosome biogenesis
pathway, although such an early association cannot be totally excluded. We were indeed
able to show that soluble or secreted dimeric proteins have the capacity to interact with
the vesicles' surface. This interaction would occur in all biological fluids during the acute
phase of infection when the concentration of blood circulating NS1 is maximal. This ability
to interact with membrane surfaces and lipids was not entirely a surprise [69]. It has also
been shown that NS1 of ZIKV has the ability to interact with endoplasmic reticulum mem-
branes, as well as with liposomes that are remodeled by this interaction [70]. In addition,
NS1 from dengue virus was shown to dock onto high-density lipoproteins through both
protein-protein and lipid-protein interactions [71].

In light of these data, we propose the use of exosomes as a vector to improve NS1
delivery and presentation to the immune system. Exosomes are already used for viral an-
tigenic vectorization, with several vaccines in preclinical and clinical phases [72,73]. Due
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to the ability of overexpressed ZIKV-NS1 and DENV2-NS1 proteins to be targeted to ex-
osomes, our finding illustrates the possibility to use exosomes as a platform for NS1
presentation. To date, no vaccine against ZIKV has been commercialized and there is
much uncertainty about the use of available dengue vaccines. Most of the vaccine strate-
gies against flaviviruses are based on targeting the envelope (E) protein because of its
ability to induce preventive humoral and cell-mediated immune responses [74]. For in-
stance, Dengvaxia®, the only licensed dengue vaccine currently commercialized, is a live-
attenuated tetravalent dengue vaccine that contains DENV E and prM proteins from the
four serotypes, in a yellow fever 17D backbone. One possible reason for the incomplete
protection of this vaccine is a lack of T-cell immunity against non-structural proteins. In-
terestingly, a vaccine strategy targeting NSI1 instead shows encouraging positive effects
and prevents vascular permeability and hemorrhagic forms of the disease [75,76]. In ad-
dition, human antibodies targeting ZIKV-NS1 protect against disease development in a
mouse model [77]. Thus, recombinant ZIKV-NS1 and DENV2-NS1 proteins would be con-
sidered as targets of choice for vaccine development [76,78]. Thanks to our work, we have
available cell lines that stably overexpress and secrete these two NS1s. This makes it pos-
sible to use them for vaccine purposes. Moreover, the NS1 addressed on the surface of
exosomes makes them an additional tool for a vaccine strategy aiming at an optimal
presentation of the antigen. However, the safety of such a device will obviously have to
be ensured, particularly if it is shown that the vectoring of NS1 by EVs potentiates its
deleterious activity on endothelial barriers. All these points will need to be investigated
in the future.

5. Conclusions

In conclusion, we demonstrated that NS1 secreted into the extracellular medium, fol-
lowing in vitro infection with DENV2 or ZIKV, or under conditions of overexpression
and/or extemporaneous addition to the cell culture supernatant, led to an association of
NS1 dimers on the surface of extracellular vesicles. This observation leads us to hypothe-
size that NS1 can be conveyed to privileged target cells and thereby act on infectious and
pathological processes. This mode of transport could give the protein great stability in
biological fluids. Finally, this addressing at the surface of exosomes could be used for an-
tigen presentation in vaccine strategies targeting NS1.
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Abbreviations
CCS Cell culture supernatant
DLS Dynamic light scattering
DENV2 Dengue virus type 2
EVs Extracellular vesicles
NS1 Non structural protein 1
PEG Polyethylene glycol
SEAP Serum alkaline phosphatase
ZIKV Zika virus
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www.mdpi.com/xxx/s1, Figure S1: Infection with both zika and dengue viruses was verified by flow
cytometry.
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