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ABSTRACT
West Nile virus (WNV) and Usutu virus (USUV) are neurotropic orthoflaviviruses of the Flaviviridae family, transmitted 
primarily by Culex mosquitoes and maintained in enzootic cycles involving birds. While WNV is a well-established 
human pathogen causing hundreds of neuroinvasive cases annually in Europe, USUV has emerged more recently, 
with fewer documented human infections but increasing evidence of neurovirulence. The viral nonstructural protein 
1 (NS1) plays a central role in orthoflavivirus pathogenesis by modulating host immune responses, disrupting 
endothelial barrier integrity, and facilitating viral dissemination. However, the functional and biochemical properties 
of NS1 from WNV and USUV remain poorly characterized. We combined in vitro, in vivo, and clinical approaches to 
compare NS1 secretion, stability, and its impact on blood-brain barrier. Our results show that WNV NS1 is secreted at 
significantly higher levels, exhibits greater thermal stability, and disrupts brain endothelial barrier integrity in vitro. In 
contrast, USUV NS1 is secreted less efficiently, is slightly less stable, and does not compromise blood-brain barrier 
integrity, despite inducing distinct transcriptional responses in brain endothelial cells. In mice, WNV infection led to 
higher serum NS1 levels and stronger systemic inflammation than USUV. Clinically, WNV NS1 was detected mainly in 
patients with neurological symptoms, whereas USUV NS1 remained undetectable in all cases. Altogether, these 
findings reveal differential NS1 properties between these closely related viruses, with key implications for 
orthoflavivirus diagnosis and neurovirulence mechanisms.
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Introduction

WNV and USUV, both originating from Africa, are 
closely related viruses in the genus Orthoflavivirus 
within the family Flaviviridae. They are maintained 
through an enzootic cycle, mainly involving birds as 
amplifying hosts and Culex mosquitoes as the primary 
vectors [1,2]. They have gained increasing public 
health attention due to their recent emergence and 
ongoing circulation in Europe, especially in the 
southern and eastern parts of the continent [3,4]. 
Although human infections often go unnoticed, both 
viruses can occasionally lead to severe neurological 
disease, particularly WNV [5,6].

WNV is well known for causing neuroinvasive dis
ease in humans and horses, including encephalitis, 
meningitis, and acute flaccid paralysis, which can 

sometimes be accompanied by long-term neurological 
sequelae such as cognitive impairment, motor deficits, 
and sensory dysfunction [7]. WNV is genetically 
classified into multiple lineages, with up to nine 
described to date [8]. Severe outcomes are mainly 
linked to lineages 1 and 2, which have caused recur
rent outbreaks in Central and Southern Europe since 
the early 2000s, with increased viral circulation in 
recent years. First identified in Eastern Europe in the 
early 2000s, WNV-lineage 2 has progressively 
expanded westward, becoming dominant in many 
regions since 2010, contributed to the rising number 
of neuroinvasive cases reported in Europe [9–11].

USUV has more recently emerged in Europe, how
ever both viruses are now co-circulating in several 
regions. Although it is less neurotropic in humans 
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than WNV, whose pathogenesis is far better studied 
and understood, accumulating evidence over the 
past decade suggests that its clinical impact has likely 
been underestimated. USUV has been implicated in 
several cases of neurological disease across Europe, 
including meningitis, encephalitis, and meningoence
phalitis [6]. Serological and virological data suggest 
that human infections with USUV may be more wide
spread than currently recognized. This may be due to 
cross-reactivity with other co-circulating orthoflavi
viruses, especially WNV, which can obscure accurate 
detection of USUV in certain regions, as well as the 
lack of systematic surveillance specifically targeting 
USUV [2,12]. Confirmed neuroinvasive cases have 
now been reported in several European countries 
highlighting USUV’s emerging role as a human neuro
pathogen [6,13,14]. USUV is divided into eight dis
tinct genetic lineages, grouped into African (Africa 
1, 2, 3) and European (Europe 1, 2, 3, 4, 5) clusters 
[15,16]. In Europe, human neuroinvasive cases have 
been linked to multiple USUV lineages; however, 
most cases are associated with the EU2 lineage, 
which is actively circulating and appears to exhibit 
higher virulence than other lineages [17,18].

WNV can markedly disrupt the human blood– 
brain barrier (BBB), causing endothelial dysfunc
tion, increased permeability, and pronounced neu
rovascular inflammation, which leads to extensive 
immune-cell recruitment and severe neurological 
injury [19]. In contrast, USUV, while also neuroin
vasive, does not appear to alter BBB integrity 
[19,20]. Thus, both viruses can infect and cross the 
human BBB, but with distinct outcomes. WNV 
infection of BBB cells results in significant endo
thelial dysfunction, pronounced neuroinflamma
tion, and immune cell recruitment, consistent with 
previous studies. In contrast, although USUV can 
infect BBB cells and replicate at higher levels than 
WNV, it does not markedly compromise endothelial 
integrity [19].

Like other orthoflaviviruses, both viruses are ico
sahedral-enveloped viruses with a single-stranded 
positive-sense RNA encoding a polyprotein. This 
polyprotein is post translationally processed by cellu
lar and viral proteases into three structural proteins: 
capsid (C), premembrane/membrane (prM/M), and 
envelope (E), and seven nonstructural proteins 
(NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5). 
The non-structural protein 1 (NS1) plays a central 
role in the pathogenicity of several orthoflaviviruses 
[21]. This multifunctional glycoprotein is secreted 
early during infection and participates in multiple 
pathogenic processes, modulating innate immunity, 
disrupting vascular integrity, and contributing to 
neuroinvasion [21]. A comparative analysis of NS1 
proteins from five orthoflaviviruses (DENV, ZIKV, 
WNV, JEV, and YFV) demonstrated that NS1 

induces tissue-specific endothelial hyperpermeability 
rather than a uniform vascular response [22]. This 
tissue specificity is not limited to surface binding 
but also involves downstream steps such as NS1 
internalization, which appears to be a key determi
nant of endothelial dysfunction.

The role of NS1 in WNV infections remains poorly 
defined. Current evidence suggests that NS1 contrib
utes to WNV neurovirulence, primarily through its 
effects on cerebral endothelial cells and the associated 
inflammatory responses, whereas the role of NS1 in 
USUV has not yet been investigated. NS1 from 
orthoflaviviruses can be secreted as an extracellular 
hexamer (sNS1) and bind to endothelial cell mem
branes, leading to destabilization of intercellular junc
tions and the endothelial glycocalyx. This, in turn, 
increases vascular permeability and promotes leakage 
of fluids and proteins into surrounding tissues 
[21,23–27]. Simultaneously, NS1 can stimulate endo
thelial and immune cells to produce pro-inflammatory 
cytokines and vasoactive molecules, further amplify
ing vascular barrier disruption and creating a micro
environment that facilitates neuroinvasion [28,29]. 
Moreover, NS1 can be transported via extracellular 
vesicles, such as exosomes and microvesicles, allowing 
it to act at sites distant from the producing cells and 
extend its cytopathic effects on cerebral endothelium, 
thereby contributing to the spread of vascular leakage 
[30]. Thus, NS1 emerges as a key player in the cerebral 
pathogenesis of neuroinvasive orthoflaviviruses, par
ticularly through its effects on endothelial per
meability and neuroinflammation, and represents a 
relevant target for the development of diagnostic and 
therapeutic strategies.

As WNV and USUV are phylogenetically 
closely related viruses but are associated with distinct 
neurological outcomes, we compared the secretion 
and functional effects of NS1 from these two 
viruses using brain endothelial cells and in vitro 
BBB models. We also assessed NS1 prevalence in 
the serum of infected mice and in patients who 
were asymptomatic or presented with mild to severe 
forms of disease. Our results demonstrate that NS1 
secretion and functional activity differ markedly 
between these closely related viruses, with important 
implications for understanding their pathogenicity 
and for the use of NS1 as a diagnostic marker of 
WNV infection.

Materials and methods

Ethics approval and consent to participate

Mice were bred and maintained in a biosafety level 3 
(BSL-3) facility in accordance with the French Min
istry of Agriculture and European institutional 
guidelines (Appendix A STE n°123). All 
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experimental procedures were approved by the 
French ethics committee (approval n° 6773- 
201609161356607). For all patients, written 
informed consent was obtained in their respective 
countries of residence, in accordance with local 
regulations and with approval from the Institutional 
Review Board (IRB), specifically the National Public 
Health Center in Budapest.

Patient cohort

A cohort of serum and cerebrospinal fluid (CSF) 
samples from patients infected with WNV or 
USUV was analyzed. WNV samples were obtained 
from Hungarian patients, while USUV samples origi
nated from patients in Hungary and Germany (Sup
plementary Table 1). The cohort included 35.7% 
females (median age: 59 years; IQR: 47–71.5 years) 
and 64.3% males (median age: 66 years; IQR: 51– 
74.5 years). Patients presented either West Nile 
fever (WNF; median age: 49 years; IQR: 30–61 
years) or West Nile neuroinvasive disease (WNND; 
median age: 67 years). WNF was mainly character
ized by fever, exanthema, and headache, whereas 
WNND cases predominantly manifested with 
meningitis, encephalitis, meningoencephalitis, or 
encephalomyelitis, often accompanied by fever, 
headache, confusion, vomiting, dizziness, and epi
sodes of unconsciousness. In all WNV-infected 
patients, the detected virus belonged to lineage 2 
strains, whereas USUV infections involved the 
Europe 2 lineage. For WNV, CSF samples included 
12 controls and 53 patients with neurological mani
festations. Serum samples comprised 26 controls, 9 
asymptomatic individuals, 23 febrile patients, and 
62 patients with neurological manifestations. For 
USUV, serum samples included 25 controls, 12 
asymptomatic individuals, and 4 patients with neuro
logical manifestations. All infections and disease 
classifications were confirmed by RT-qPCR (using 
the cobas® WNV assay and USUV-specific RT- 
qPCR [31]) or IgM ELISA, ensuring accurate identifi
cation of WNV and USUV cases, as well as reliable 
differentiation between asymptomatic, febrile, and 
neurological manifestations. To address potential 
cross-reactivity with other endemic orthoflaviviruses, 
all cases were systematically tested for WNV, USUV 
and tick-borne encephalitis virus (TBEV) using sero
logical assays (IgM, IgG, and IgA detection). WNV 
and TBEV serology was performed using Euroim
mun’s CE-IVD-marked orthoflavivirus Mosaic indir
ect immunofluorescence assays (IFA), while USUV 
testing was carried out using in-house IFA methods. 
Additionally, IFA testing was combined with capture 
IgM ELISA (Focus Diagnostics), IgM and IgG ELI
SAs (Euroimmun), and IgG avidity ELISA (Euroim
mun) tests to support diagnostic accuracy.

NS1 production and characterization

Production and quality control
Synthetic genes encoding NS1 were obtained from 
IDT (Integrated DNA Technologies). Briefly, NS1 
from the USUV Europe 2 strain (TE18982/Italy/ 
2017; GenBank: MT784898.1) or from the WNV line
age 2 Greek strain (S36_GrM_2010/Thessaloniki; 
GenBank: MN481595.1) were synthesized with a C- 
terminal 6×His tag, flanked by EcoRV and NheI 
restriction sites. NS1 sequences were then cloned 
into the pFUSE-IgG1-Fc2 vector (Invivogen) via an 
EcoRV-NheI double digestion, resulting in NS1 
expression under the control of the hEF1-HTLV pro
moter. The control vector corresponds to an empty 
pFUSE-IgG1-Fc2 plasmid, obtained during the clon
ing and which circularized without integrating the 
NS1 sequence, therefore lacking any insert. All con
structs were verified by double or triple restriction 
digestion and sequencing.

Human embryonic kidney cells (HEK293 T; 
ATCC) were cultured at 37°C under 5% CO₂ in 
DMEM (Sigma) supplemented with 10% heat-inacti
vated FBS (Eurobio Scientific), 1% penicillin/strepto
mycin/L-glutamine (Sigma), and 1% G418 disulfate 
salt solution (Sigma). Eight million cells were plated 
in T150 flasks in complete medium. Twenty-four 
hours later, cells were transfected using polyethylenei
mine (PEI; Polysciences, 1 mg/mL) at a ratio of 
0.25 mg PEI per 30 µg plasmid DNA per T150 flask. 
The DNA/PEI complex was prepared in 150 mM 
NaCl, incubated for 20 min at room temperature, 
and added dropwise to the cells in serum- and 
G418-free DMEM. After 4 h, the medium was 
replaced with serum-free DMEM, and cells were incu
bated for 5 days.

Supernatants were collected and centrifuged 
(15 min, 3000 rpm, 4°C), diluted 1:1 with 2× phos
phate buffer, and filtered through 0.22 µm membranes 
(Corning). NS1 protein was purified by affinity chrom
atography on an ÄKTA Pure system (Cytiva) using a 
1 mL HisTrap Excel column (Cytiva) equilibrated 
with 20 mM disodium phosphate, 0.5 M NaCl, pH 
7.4, and eluted with 500 mM imidazole. Fractions con
taining NS1 were concentrated and buffer-exchanged 
into DPBS (Sigma) using Amicon Ultra 30 kDa filters 
(Millipore). Purified proteins were sterilized by 
0.22 µm filtration, aliquoted, and stored at −80°C. 
Protein concentration was determined by BCA assay 
(Pierce™ BCA Protein Assay Kit; Thermo Fisher 
Scientific) according to the manufacturer’s instruc
tions, using bovine serum albumin as a standard. 
Protein integrity and purity were assessed by 10% 
SDS-PAGE followed by silver staining. Samples were 
prepared in Laemmli buffer, boiled for 5 min at 95°C, 
loaded alongside molecular weight markers (PageRu
ler™, Thermo Fisher Scientific), and separated at 
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150 V for 1 h. Gels were fixed in ethanol/acetic acid, 
sensitized with DTT, impregnated with silver nitrate, 
and developed until bands were visible. The prep
arations contained a mixture of NS1 oligomeric 
forms, where the major component seemed to be the 
dimer, as observed in Supplementary Figure 1.

MS/MS analysis of NS1
Gel electrophoresis was performed using a non-redu
cing loading buffer, followed by excision of the 
visible bands corresponding to NS1 and its various 
oligomeric forms (monomer migrating at ∼55 kDa, 
dimer, hexamer at ∼250 kDa; Supplementary 
Figure 1). In-gel digestion with trypsin was sub
sequently carried out. The resulting peptide samples 
were resuspended in 10 µL of buffer A (0.1% formic 
acid). An injection volume of 2–5 µL per sample 
was used for online analysis with a nano-flow 
HPLC system (RSLC U3000, Thermo Fisher 
Scientific) coupled to a mass spectrometer equipped 
with a nano-electrospray ionization source (Q Exac
tive HF, Thermo Fisher Scientific). Peptides were 
separated on a capillary column (0.075 mm ×  
500 mm, Acclaim PepMap 100, C18 reversed-phase, 
NanoViper, Thermo Fisher Scientific) using a 2– 
40% buffer B gradient over 128 min (buffer A: 0.1% 
formic acid; buffer B: 0.1% formic acid, 80% aceto
nitrile) at a flow rate of 300 nL/min. Spectral data 
were analyzed using MaxQuant v2.0.3.0 and Perseus 
v1.6.15.0, in combination with the leading FPP v3.5 
script.

Differential scanning fluorimetry
The thermal stability of recombinant NS1 proteins was 
assessed using Differential Scanning Fluorimetry 
(DSF) on a Tycho NT.6 instrument (NanoTemper 
Technologies). Aliquots of NS1 proteins (control, 
WNV NS1, and USUV NS1) were thawed immedi
ately before analysis. Each protein solution was loaded 
into standard-grade capillaries (NanoTemper) by 
inserting the capillary directly into the microtube, 
allowing passive capillary filling without pipetting. 
Filled capillaries were placed into the Tycho NT.6 
sample holder, and measurements were performed 
according to the manufacturer’s default settings, 
monitoring intrinsic fluorescence at 330 and 350 nm 
during a controlled thermal ramp. Inflection tempera
tures (Ti) were automatically calculated using Tycho 
analysis software.

Animals

Animal infections and sample collection
Ifnar−/− mice (C57BL/6 background, adult, 8 weeks 
old) and Swiss mice (adult, 4 weeks old; young, 15 
days old) were housed under BSL-3 conditions in 
compliance with institutional and European 

guidelines. Animals were inoculated subcutaneously 
with 10³ TCID₅₀ of West Nile virus (Lineage 2) or 
Usutu virus (Europe 2) in 50 µL PBS; control groups 
received PBS only. Group sizes were as follows: 
Ifnar−/− mice (n = 15 controls, n = 18 USUV, n = 14 
WNV), adult Swiss mice (n = 9 per condition), and 
young Swiss mice (n = 6 controls, n = 14 USUV). Ani
mals were monitored daily for weight loss, neurologi
cal signs, and clinical deterioration; those reaching 
predefined humane endpoints were euthanized by cer
vical dislocation. Survival curves were generated for 
Ifnar−/− and adult Swiss mice. Blood samples were 
collected at specific time points: day 3 post-infection 
for Ifnar−/− mice infected with WNV; days 3 and 4 
for Ifnar−/− mice infected with USUV; days 3 and 6 
for adult Swiss mice infected with WNV or USUV; 
and day 6 for young Swiss mice infected with 
USUV. Sera were obtained after centrifugation and 
stored at −80°C until analysis.

Intraperitoneal injection of NS1 recombinant 
proteins
Adult Swiss mice were injected intraperitoneally with 
40 µg of purified recombinant NS1 proteins from 
WNV or USUV, or with CTL, 5 mice per condition. 
Animals were monitored daily for clinical signs and 
weight variation throughout the experiment. Blood 
samples were collected on day 4 for subsequent 
serum NS1 detection.

Tissue handling and RNA extraction
Injected mice were euthanized on day 4 and infected 
mice on day 6, or upon reaching predefined humane 
endpoints. Brains were carefully collected and pro
cessed according to the downstream application. A 
portion of the tissue was snap-frozen in liquid nitro
gen and stored at –80 °C for virological or molecular 
analyses. Frozen tissues were kept at −20°C during 
dissection. For RNA extraction, approximately 
30 mg of tissue was homogenized in RLT buffer sup
plemented with β-mercaptoethanol using a bead- 
based homogenizer. Homogenates were clarified by 
centrifugation, and total RNA was extracted using 
the RNeasy Mini Kit (Qiagen) according to the man
ufacturer’s instructions. RNA concentration and 
purity were assessed using a Nanodrop spectropho
tometer, and samples were stored at –80°C until 
further use.

Histology and immunostaining
For histological analyses, the remaining brain tissue 
from injected mice was initially fixed in 4% parafor
maldehyde (PFA) and, before paraffin embedding, 
refixed for 24 h in 10% neutral buffered formalin. 
Tissues were then embedded in paraffin, sectioned 
at 3 µm using a microtome at the RHEM facility (Bio
campus, Montpellier), mounted on glass slides, and 
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dried overnight at 37 °C. Immunohistochemistry was 
performed using established protocols. CD45 immu
nostaining was carried out with a rat anti-CD45 
monoclonal antibody (clone 14-0451, Bioscience). 
Slides were scanned using a Hamamatsu NanoZoo
mer 2.0-HT slide scanner, and quantification of 
CD45-positive cells was performed with QuPath 
software.

Viral strains

The following strains were used in this study: WNV 
lineage 1, WNV lineage 2, USUV Europe 2, USUV 
Europe 3, USUV Europe 5, USUV Africa 2, and 
USUV Africa 3. The origins of the viral strains were 
as follows: WNV lineage 1 (West Nile virus/Tunisia/ 
2018); WNV lineage 2 (WNV-3125/France/2018) 
from ANSES, France; USUV Europe 2 (TE20421/ 
Italy/2017) from Istituto Zooprofilattico Sperimentale, 
Emilia Romagna, Italy; USUV Europe 3 (USUV- 
HautRhin7315/France/2015), USUV Africa 2 (Rhône 
2705/France/2015) and USUV Africa 3 (USUV-Hau
teVienne4997/France/2018) from ANSES, France; 
USUV Europe 5 (BNI507/2016/Germany) from Bern
hard Nocht Institute for Tropical Medicine, Hamburg, 
Germany (Table 1). All viral strains were amplified no 
more than four times on Vero E6 cells before use. 
Viral stocks were prepared by infecting 70–80% 
confluent Vero E6 cells.

Cells

Infection of Vero E6 cells
Vero E6 cells (ATCC CRL1586) were maintained in 
Dulbecco’s Modified Eagle Medium (DMEM; Sigma) 
supplemented with 10% heat-inactivated fetal bovine 
serum (FBS; Dutscher), 1% penicillin-streptomycin 
solution (100X; Gibco), at 37°C under 5% CO₂. For 
experimental infections, sub-confluent cells were 
rinsed once with PBS, and viral inoculum at a multi
plicity of infection (MOI) of 0.1 was added in a 
small volume of medium for 2 h at 37 °C with constant 
agitation. The inoculum was then removed, fresh 
medium was added, and cells were incubated for 6 
days. At the end of the incubation period, culture 
supernatants were titrated and harvested, then stored 
at −80°C for subsequent analyses.

Viral titration by TCID₅₀ assay
Viral titers were determined by endpoint dilution 
assay on Vero E6 cells. Briefly, Vero E6 cells were 
seeded in 96-well plates at 1.5 × 10⁵ cells/mL and 
allowed to adhere for 3 h at 37°C with 5% CO₂. 
Viral supernatants were serially diluted (10-fold 
dilutions from 10−¹ to 10−⁹) in DMEM supplemented 
with 10% FBS. After removal of the culture medium, 
100 µL of each dilution were added to six replicate 
wells per plate, and each sample was tested in dupli
cate. Plates were incubated at 37°C with 5% CO₂ for 
up to 7 days.

Cytopathic effects (CPE) were evaluated micro
scopically between day 5 and day 7 post-infection. 
Viral titers were calculated using the Reed–Muench 
method and expressed as TCID₅₀/mL.

Treatment of HBMEC with NS1
Primary human brain microvascular endothelial cells 
(HBMEC; CliniSciences) were thawed from cryovials 
(passage 5; ∼400,000 cells) and resuspended in 
EGM-2 complete medium (Lonza). Cells were cul
tured in T75 flasks pre-coated overnight at 37°C 
with 300 µL fibronectin (1 mg/mL; CliniSciences). 
Medium was changed every two days until confluence.

For treatments, fibronectin-coated 6-well plates 
were seeded with 80,000 cells/well in 2.5 mL EGM-2 
medium. After 3 days at 37°C with 5% CO₂, cells 
were treated with USUV or WNV NS1 at 10 µg/mL 
or control in the same medium and refreshed daily 
by replacing half of the volume with NS1-containing 
medium for 4 days.

At designated time points (Day 0 and Day 4), 
supernatants were collected, clarified (5 min, 1000 g, 
4°C), and stored at −80°C. Cells were washed twice 
with DPBS (Sigma) and lysed in 300 µL RLT buffer 
containing 1% β-mercaptoethanol for RNA extraction 
(RNeasy Mini Kit, QIAGEN), followed by DNase I 
treatment according to the manufacturer’s protocol.

RT-qPCR

RT-qPCR in HBMEC
RNA was reverse-transcribed using LunaScript RT 
SuperMix (NEB), and qPCR analysis was performed 
for genes involved in endothelial permeability (hβ- 

Table 1. Country, year of isolation and passage history of the USUV and WNV strains used in the study.
Lineage Strains Name Country of isolation Year of isolation Number of passages

Europe 2 TE20421/Italy/2017 Italy 2017 3
Europe 3 USUV-HautRhin7315 France 2015 4
Europe 5 BNI507/2016/Germany Germany 2016 3
Africa 2 Rhône 2705 France 2015 3
Africa 3 USUV-HauteVienne4977 France 2018 4
WNV 1 West Nile virus/Tunisia/2018 Tunisia 2018 4
WNV 2 WNV-3125/France/2018 France 2018 3
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actin, hOccludin, hZO-1) using the LC96 real-time 
PCR instrument (Roche).

PCR array in HBMEC
Using the same RNA samples, RT2 Profiler PCR Array 
Human Endothelial Cell Biology (PAHS 015ZA, 96- 
well format, Qiagen, 84 genes analyzed) was per
formed. Volumes of mix, cDNA, RNAse-free water, 
and cycling conditions were determined according to 
the manufacturer’s instructions. Genes without inter
pretable amplification curves were excluded from the 
analysis. Data were analyzed using Geneglobe (Qia
gen), where the p values are calculated based on a stu
dent’s t-test of the replicate (2^(- Delta CT)) values for 
each gene in the control group and treatment groups, 
and p-values less than 0.05 are considered significant.

RT-qPCR in mice
Complementary DNA (cDNA) was synthesized from 
total RNA using the OmniScript RT Kit (Qiagen). 
Quantitative PCR was performed to assess the 
expression of genes associated with inflammation 
and endothelial function. In infected mice, Il1b, Il6, 
Ccl5, Tnf, and Cxcl10 transcripts were quantified and 
normalized to a housekeeping gene (Gapdh or Actb). 
In subcutaneously injected mice, expression levels of 
Il6, Il8, Tnf, Cxcl10, Ccl2, Ccl5, Il1b, Cflar, Ednra, 
Mmp2, Serpine1, Tgfb1, Timp1, Ocln, Cldn5, Tjp1, 
and Mmp9 were determined and normalized to 
Actb. Relative gene expression was calculated using 
the 2−ΔΔCt method.

In vitro human-BBB model

Barrier model establishment
The human blood-brain barrier (BBB) model was 
established by co-culturing CD34+ umbilical cord 
blood-derived endothelial cells (hECs) with immorta
lized human brain pericytes for 6 days on 0.4 µm 
Transwell inserts (Costar) at 37°C and 5% CO₂ in 
MV2 endothelial growth medium (Promocell). Inserts 
were coated with Matrigel (0.2 mg/mL; Corning) on 
the apical side for hEC seeding and with 0.2% gelatin 
on the basal side for pericytes. This co-culture induced 
differentiation of hECs into brain-like endothelial cells 
(hBLECs), reproducing key features of human brain 
microvascular endothelial cells (HBMECs). Medium 
was refreshed every 2 days.

Barrier integrity was assessed using the Lucifer Yel
low (LY) permeability assay (50 µM; Life Technol
ogies). LY was prepared 1:70 in sterile-filtered 
Ringer’s solution (0.22 µm) containing: NaCl 8.8 g/L, 
KCl 387 mg/L, CaCl₂ 244 mg/L, MgCl₂·6H₂O 
40.6 mg/L, NaHCO₃ 504 mg/L, HEPES 1.19 g/L, glu
cose 504 mg/L, pH 7.4. Inserts were incubated in 
wells containing 1.5 mL Ringer’s solution, and 
300 µL LY was added to the apical chamber. After 

20 min at 37°C, inserts were transferred to new wells 
with 1.5 mL Ringer’s solution for two additional 20- 
min incubations. Basolateral samples were collected, 
and fluorescence was measured in triplicate using a 
TECAN plate reader. Permeability coefficient (Pe) 
was calculated, with Pe ≤ 1 × 10−³ cm/min indicating 
an intact barrier, and Pe > 1 × 10−³ cm/min indicating 
disruption.

NS1 treatment in BBB model
For BBB models with Pe ≤ 1 × 10−³ cm/min, recombi
nant USUV or WNV NS1 or control was added at 
10 µg/mL to the apical compartment in MV2 medium, 
renewed on days 2, 5, and 7. Barrier permeability was 
assessed on day 9 using the Lucifer Yellow assay as 
described above.

ELISA assays

Cytokine multiple assays
A ProcartaPlex Mouse Cytokine and Chemokine Con
venience Panel 1A 36-plex (Thermo Fisher Scientific) 
was used according to the manufacturer’s instructions 
to quantify inflammatory factors in mouse sera. 
Measurements were performed using a Luminex 
MAGPIX system (Thermo Fisher Scientific), and 
data were analyzed with GraphPad Prism 9.

For Ifnar−/− mice, the following cytokines and che
mokines were measured: 

IL-1α, IL-1β, IL-3, IL-4, IL-6, IL-10, IL-12p70, IL-13, 
IL-15, IL-17A, IL-18, IL-28, IL-31, IFN-α, IFN-γ, 
GM-CSF, TNF-α, CCL2, CCL3, CCL7, CCL11, 
CXCL1, CXCL2, CXCL10, IL-5, CCL4, CCL5, IL-2, 
IL-9, IL-23, IL-27, LIF, IL-22, CXCL5, and M-CSF.

For Swiss mice, the following cytokines and chemo
kines were quantified: 

IL-6, IL-22, IL-31, TNF-α, CCL2, CCL4, CCL7, 
CCL11, CXCL1, CXCL2, CXCL10, IL-1α, CXCL5, 
and IL-12p70.

Quantification of WNV or USUV NS1 protein
The concentration of NS1 protein was determined by 
sandwich ELISA. High-binding 96-well plates (Maxi
Sorp™, Nunc) were coated overnight at 4°C with 
100 ng per well of the corresponding anti-NS1 mono
clonal antibody (USUV: OAEF00644, CliniSciences; 
WNV: Ab253236, Abcam). Wells were then blocked 
for 1 h30 min at 37°C with PBS containing 2% BSA 
(Sigma) for USUV or 2% milk for WNV. Samples 
were diluted 1:5 in the respective blocking buffer 
(PBS-2% BSA for USUV; PBS-1% milk for WNV) 
and added at 100 µL per well, alongside standard 
curves of recombinant NS1 proteins (USUV: 200– 
0 ng/mL; WNV: 400–0 ng/mL). After 1 h30 min incu
bation at 37°C, wells were washed three times with 
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PBS containing 0.1% Tween-20, followed by incu
bation for 1 h at 37°C with the primary anti-NS1 anti
body (USUV: OAEF00645, CliniSciences), previously 
conjugated using the Flex kit (Proteintech) at 1:1300 
dilution; WNV: PA5-111988 (Invitrogen) at a 1:2000 
dilution. For WNV, after further washes, an additional 
45 min incubation with a HRP-conjugated anti-rabbit 
secondary antibody (Ab6721, Abcam, 1:10,000) was 
carried out. After further washes, detection was per
formed with 100 µL TMB substrate solution (Pro
mega), followed by stopping the reaction with 50 µL 
3 M sulfuric acid. Absorbance was measured at 
450 nm (TECAN microplate reader).

Statistical analysis

All statistical analyses were performed using GraphPad 
Prism 9 (GraphPad Software). Data are presented as 
mean ± SEM. Differences were considered statistically 
significant at p ≤ 0.05. Data distribution was assessed 
and did not meet the criteria for normality; therefore, 
non-parametric statistical tests were applied. Compari
sons among three or more groups were performed 
using the Kruskal–Wallis test, while comparisons 
between two groups were conducted using the Mann– 
Whitney test. Correlations were evaluated using Spear
man’s rank correlation coefficient (r). Sample sizes, as 
well as the number of biological and/or technical repli
cates, are provided in the figure legends.

Results

Differential NS1 protein secretion following 
infection with multiple WNV and USUV lineages

First, NS1 protein secretion was assessed in cells infected 
with various lineages of WNV (L1 and L2) and USUV 
(EU2, EU3, EU5, AF2, and AF3). NS1 levels were quan
tified in the supernatants of infected Vero E6 cells using 
an in-house ELISA. WNV lineages exhibited comparable 
levels of NS1 secretion (Figure 1(A); WNV L1: 0.675 µg/ 
mL; WNV L2: 0.682 µg/mL). In contrast, NS1 from 
USUV was predominantly detected in the supernatant 
of cells infected with the EU2 lineage, which was the 
only USUV strain showing statistically significant NS1 
secretion (Figure 1(B)). Similar results were observed 
for USUV NS1 in endothelial cells (data not shown). 
Overall, the mean concentration of NS1 secreted follow
ing WNV infection (0.678 µg/mL) was approximately 
6.4-fold higher than that observed for USUV EU2 
(0.106 µg/mL). To account for potential differences in 
viral replication between strains, NS1 secretion levels 
were subsequently normalized to the corresponding 
infectious viral titers (TCID₅₀/mL) (Figure 1(C and 
D)). After normalization, no statistically significant 
difference in NS1 production per infectious unit was 
observed between WNV L1 and L2 (Figure 1(C)), with 

mean normalized values of 0.169 and 0.137 µg NS1 per 
10⁶ TCID₅₀, respectively. Among USUV lineages, only 
the EU2 strain exhibited statistically significant NS1 pro
duction (0.053 µg per 10⁶ TCID₅₀) (Figure 1(D)). Impor
tantly, WNV strains still exhibited approximately a 3- 
fold higher relative NS1 production efficiency compared 
to USUV lineages, confirming that the observed differ
ences were not solely attributable to variations in viral 
input or replication efficiency.

Therefore, NS1 protein production is markedly 
higher in WNV lineages than in USUV lineages and 
varies substantially among USUV strains. While 
both WNV lineages exhibited robust NS1 secretion, 
detectable NS1 production among USUV isolates 
was largely restricted to the EU2 lineage. Based on 
these findings, WNV lineage 2 and the USUV EU2 
lineage were selected for further analyses.

Effect of NS1 from WNV and USUV on 
endothelial gene expression

To investigate the effects of NS1 from WNV and USUV 
on endothelial cell function, a key component of the 
BBB, we first produced recombinant WNV and 
USUV NS1 and verified its integrity by MS/MS analy
sis, with NS1 identified as the predominant protein in 
fractions corresponding to monomers, dimers, and oli
gomers (Supplementary Figure 1). Gene expression 
analysis was then performed using a PCR array 
(Human Endothelial Cell Biology) on primary human 
brain microvascular endothelial cells (HBMECs) trea
ted with the recombinant NS1 proteins. Twelve genes 
were significantly upregulated following WNV NS1 
treatment compared to control (Figure 2(A), Sup
plementary Table 2A), and 11 genes were upregulated 
following USUV NS1 treatment (Figure 2(B), Sup
plementary Table 2A). Several genes were commonly 
upregulated by both NS1 proteins, including CFLAR, 
EDNRA, MMP2, TGFβ1, and TIMP1, with TIMP1 
showing a particularly pronounced increase (fold regu
lation = 111.17 for WNV NS1 and 193.79 for USUV 
NS1). No significant downregulation was observed for 
any of the genes analyzed. Notably, significant differ
ences were observed for certain genes between cells 
treated with WNV NS1 and those treated with USUV 
NS1 (Figure 2(C), Supplementary Table 2B). Specifi
cally, MMP1 expression was higher in WNV NS1-trea
ted cells, whereas AGT, ANGPT1, CCL2, CCL5, IL6, 
and PF4 showed lower expression in WNV NS1-treated 
cells compared to USUV NS1-treated cells. We then 
focused on genes encoding tight junction proteins, 
which are critical for BBB integrity (Figure 2(D)). 
Among these, CLAUDIN-5 showed higher expression 
levels in USUV NS1-treated cells compared to controls. 
Marked differences in ZO-1 expression were observed 
in cells treated with either USUV or WNV NS1; 
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however, these differences did not reach statistical 
significance.

Differential effects of WNV and USUV NS1 on a 
blood–brain barrier model

We then investigated whether NS1 proteins from WNV 
and USUV could affect BBB permeability and poten
tially contribute to the differences in neuroinvasion 
observed between these two viruses. To this end, we 
employed a human in vitro BBB model that recapitu
lates key features of the endothelial barrier. Human 
CD34+ cord blood-derived hematopoietic stem cells 

were cultured on inserts in co-culture with pericytes 
for 6 days to acquire BBB characteristics 
(Figure 3(A)). These human brain-like endothelial 
cells (hBLECs) are capable of forming tight junctions 
and express specific transporters, making them suitable 
for studying molecular and cellular passage across the 
BBB [32]. To further assess whether BBB integrity 
could be affected by WNV and USUV NS1, we 
measured Lucifer Yellow (LY) transport across the 
BBB model, a sensitive indicator of barrier permeability 
(Figure 3(B)). The permeability coefficient (Pe) in 
mock-treated controls was below 1, consistent with a 
“tight” BBB. Small but significant increases in Pe were 

Figure 1. Quantification of NS1 protein concentrations in the supernatants of Vero E6 cells at 6 days post-infection with WNV and 
USUV. (A–B) Absolute NS1 concentrations measured by ELISA in supernatants of cells infected with (A) WNV or (B) USUV. (C–D) 
NS1 concentrations normalized to viral input (TCID₅₀/mL), allowing comparison of NS1 production per infectious unit for (C) WNV 
and (D) USUV. Data represent a single ELISA performed with 3 supernatants per condition, except for WNV L2 (n = 5) and USUV 
EU2 (n = 4). (*p ≤ 0.05).
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observed following WNV NS1 treatment, indicative of a 
more permeable barrier, whereas USUV NS1 had no 
detectable effect (Figure 3(B)). The effect observed 
with WNV NS1 closely mirrored what was previously 
described after exposure to the whole virus [19]. These 
results suggest that WNV NS1 may contribute, at least 
in part, to the disruption of barrier integrity, whereas 
USUV NS1 appears not to affect BBB integrity in vitro.

In vivo plasmatic and brain inflammatory 
responses following WNV and USUV infection in 
mice

We next investigated the potential effects of NS1 
from WNV and USUV in mouse models, starting 
by examining the impact of infection on the cytokine 
profile in mouse serum. Immunocompetent Swiss 
adult mice were infected with both viruses. Because 
USUV poorly replicates in immunocompetent mice 

and typically induces only mild or no symptoms 
[33], mice lacking the type I interferon receptor 
(Ifnar−/−) were also used to study infections with 
USUV and WNV [19,34].

In Ifnar−/− mice, infection with either WNV or 
USUV resulted in rapid and complete mortality, 
with all animals succumbing within 5 days post-infec
tion (Figure 4(A)), and similar viral titers detected in 
the blood for both viruses (1 × 106 TCID₅₀/mL). In 
contrast, outcomes differed markedly in immunocom
petent Swiss adult mice (Figure 4(B)). WNV infection 
caused progressive mortality starting at day 6 and 
reaching 100% by day 10 post-infection, whereas 
USUV-infected animals showed no mortality, with 
survival rates comparable to those of the control 
group. No viral replication was detected for USUV 
in the brains of immunocompetent adult mice, in con
trast to WNV, for which a mean viral titre of 2 × 106 

TCID₅₀/mL was measured.

Figure 2. PCR array analyzing endothelial genes in HBMECs and showing significant expression differences. Cells were treated for 
4 days with NS1 (10 µg/ml). (A) WNV NS1 vs. control, (B) USUV NS1 vs. control, and (C) WNV NS1 vs. USUV NS1. In panels A–C, all 
genes shown are statistically significant (p < 0.05), therefore no significance symbols are displayed. (D) Tight junction gene 
expression changes were detected in WNV or USUV NS1 conditions versus control; only one gene reached statistical significance 
and is indicated by an asterisk. Fold regulation of statistically significant genes normalized to control genes is indicated for 3 cell 
cultures per group. (Table S1).
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We then characterized the cytokine expression 
profile in the sera of infected mice (Figure 5, Sup
plementary Table 3). In the immunocompromised 
Ifnar−/− model (Figure 5(A), Supplementary 
Table 3A), infection with both viruses led to marked 
alterations in multiple inflammatory mediators com
pared with controls. These changes could be categor
ized into three distinct patterns. First, several 
mediators were significantly upregulated following 
infection with both USUV and WNV, with WNV 
inducing significantly higher levels than USUV (IL- 
1α, IL-1β, IL-3, IL-4, IL-6, IL-10, IL-12p70, IL-13, 
IL-15, IL-17A, IL-18, IL-28, IL-31, IFN-α, IFN-γ, 
GM-CSF, TNF-α, CCL2, CCL3, CCL7, CCL11, 
CXCL1, CXCL2, CXCL10). Second, some mediators 
were significantly elevated in response to both viruses 
compared with controls, without differences between 
WNV and USUV (IL-5, CCL4, CCL5). Third, a subset 
of mediators was specifically increased in WNV- 

infected mice only, compared with both controls and 
USUV-infected animals (IL-2, IL-9, IL-23, IL-27, 
LIF). Two mediators exhibited distinct patterns that 
deserved separate consideration. IL-22 was elevated 
in both WNV- and USUV-infected mice, although 
the increase reached statistical significance only in 
WNV-infected animals. In contrast, CXCL5 was 
specifically reduced following USUV infection com
pared with both controls and WNV-infected mice. 
Overall, these results demonstrate robust systemic 
activation of inflammatory mediators in response to 
viral infection, with a particularly pronounced 
response induced by WNV. While both viruses trigger 
a broad inflammatory response, they also appear to 
engage distinct inflammatory pathways. 

In immunocompetent Swiss adult mice 
(Figure 5(B), Supplementary Table 3B), WNV infec
tion significantly increased several pro-inflammatory 

Figure 3. (A) The human in vitro BBB model used in this study consists of brain pericytes in the basolateral compartment, which 
promote the differentiation of CD34+-derived endothelial cells into human brain-like endothelial cells (hBLECs) on Transwell filters 
in the apical compartment. (B) Measurement of BBB permeability to Lucifer Yellow dye at day 9 post-treatment of cells with 10 µg/ 
ml NS1. The experiment was performed twice, using 3 independent experiments per condition. (*p ≤ 0.05).

Figure 4. Survival curves of (A) Ifnar−/− mice and (B) Swiss adult mice following infection with WNV or USUV.
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Figure 5. Quantification of serum protein concentrations in (A) Ifnar−/− mice and (B) Swiss adult mice infected with WNV or USUV, 
measured by multiplexed ELISA at 3 days post infection. For Ifnar−/− mice: n = 15 CTL, n = 18 USUV, and n = 14 WNV. For Swiss 
mice: n = 9 per condition. (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001).
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Figure 5. Continued.
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cytokines, including IL-6, IL-22, IL-31, TNF-α, CCL2, 
CCL4, CCL7, CCL11, CXCL1, CXCL2, and CXCL10, 
compared with controls and USUV-infected mice. 
IL-12p70 was also upregulated following WNV infec
tion but was downregulated in USUV-infected ani
mals relative to controls. These findings further 
confirm that the systemic inflammatory response is 
markedly stronger during WNV infection than during 
USUV infection, particularly in an immunocompetent 
context.

We also assessed brain cytokine expression by RT- 
qPCR in immunocompetent Swiss adult mice, focus
ing on key mediators of neuroinflammation, including 
pro-inflammatory interleukins (IL-1β, IL-6), chemo
kines involved in immune cell recruitment (CCL5, 
CXCL10), and the major inflammatory cytokine 
TNF-α. No evidence of brain inflammation was 
observed in USUV-infected animals, as indicated by 
the lack of upregulation of these genes, in contrast to 
WNV-infected mice (Table 2). The absence of cyto
kine induction in USUV-infected mice is consistent 
with the lower susceptibility of immunocompetent 
mice to USUV compared with WNV.

Overall, WNV infection induced markedly stronger 
inflammatory responses than USUV infection, both in 
immunocompromised and immunocompetent 
models, highlighting the virus-specific differences in 
pathogenicity and the limited ability of USUV to trig
ger systemic or brain inflammation in immunocompe
tent hosts.

Differential detection of NS1 in the serum of 
WNV- and USUV-infected mice

We next investigated whether the viral NS1 protein 
could be detected in the serum of mice infected with 
WNV or USUV. In the Ifnar−/− model, WNV NS1 
was detectable as early as day 3 post-infection, with 
a mean concentration of 1.446 µg/mL (Figure 6(A)). 
NS1 was also present in immunocompetent Swiss 
adult mice at day 6 post-infection, albeit at lower 
levels, with a mean concentration of 0.271 µg/mL, 
representing a 5.34-fold difference compared with 
Ifnar−/− mice (Figure 6(A)).

Following USUV infection, NS1 was detectable 
only in Ifnar−/− mice (Figure 6(B)). At day 3 post- 

infection, the mean concentration was 0.006 µg/mL, 
increasing to 0.492 µg/mL by day 4, corresponding 
to an 82-fold rise between the two time points. To 
investigate whether immune immaturity affects NS1 
detection following USUV infection, both suckling 
and adult mice were analyzed. Suckling mice are 
described to be susceptible to USUV infection, simi
larly to adult Ifnar−/− mice, whereas immunocompe
tent adult mice are largely resistant. No NS1 was 
detected in Swiss suckling or adult mice at day 6 
post-infection (Figure 6(B)). Consistent with these 
findings, viral replication in the brain was high in 
suckling mice, with a mean titre of 1 × 10⁷ TCID₅₀/ 
mL, highlighting a clear contrast with immunocompe
tent adult mice. Direct comparison of NS1 serum 
levels between WNV and USUV infections revealed 
a striking difference. At day 3 post-infection, WNV- 
infected Ifnar−/− mice exhibited a mean NS1 concen
tration 241-fold higher than that observed in USUV- 
infected Ifnar−/− mice, despite similar viral titers in 
the blood (4 × 10⁶ TCID₅₀/mL). This pronounced dis
parity mirrors the in vitro results and underscores the 
markedly higher NS1 secretion associated with WNV 
infection.

Effects of WNV and USUV NS1 in 
immunocompetent adult mice

Following the differential detection of NS1 in infected 
mice, we next sought to investigate the in vivo effects 
of NS1 itself. Recombinant NS1 proteins from WNV 
and USUV were intraperitoneally injected into adult 
Swiss mice, and serum levels were measured (Figure 7). 
WNV NS1 was detected at an average concentration of 
1.080 µg/mL, approximately 35-fold higher than 
USUV NS1, which was present at 0.031 µg/mL. This 
approach allowed us to directly compare the systemic 
exposure and potential biological effects of NS1 from 
the two viruses in an immunocompetent context.

We subsequently analyzed the presence of NS1 in 
the brains of injected mice. No NS1 from either 
WNV or USUV was detected. Consistently, no differ
ences were observed between WNV and USUV 
regarding brain cytokines expression, including IL-6, 
IL-8, CCL2, CCL5, CXCL10, TNF-α, IL-1β, TGF-β1, 
MMP2, MMP9, occludin, claudin-5, ZO-1, CFLAR, 
EDNRA, serpine-1, and TIMP-1 (Supplementary 
Figure 2). Finally, CD45+ T cell infiltration was 
assessed by histochemical analysis (Figure 8). 
Among the five mice per condition, only one animal 
in the WNV NS1-injected group exhibited pro
nounced brain inflammation (Figure 8(B)), whereas 
no inflammation was observed in the USUV NS1- 
injected group (Figure 8(C)).

These results, within the limitations of the small 
number of animals, suggest that intraperitoneal injec
tion of NS1 at the concentrations and time points 

Table 2. Expression levels of inflammatory genes in the brains 
of Swiss mice infected with USUV or WNV at 6 days post 
infection, evaluated by RT-qPCR.
Gene WNV (mean ± SD) USUV (mean ± SD)

IL-1β 6 ± 0.5 1.2 ± 0.1
IL-6 4.5 ± 0.4 1.1 ± 0.05
CCL5 7.9 ± 0.6 1.2 ± 0.08
TNF-α 12 ± 0.7 1.3 ± 0.1
CXCL10 62 ± 2.5 1.1 ± 0.07

Note: For each group, 6 mice were analyzed; fold regulation of statistically 
significant genes normalized to control genes is indicated.
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studied does not induce widespread brain inflam
mation in mice, although focal inflammatory 
responses may occur in some individuals.

Differential detection of NS1 in WNV and USUV 
patients

We next assessed NS1 levels in patients infected with 
WNV or USUV. WNV NS1 was measured by ELISA 
in serum from control individuals, as well as in 
asymptomatic patients, patients displaying West 
Nile fever (WNF), or who developed West Nile neu
roinvasive disease (WNND) following WNV infec
tion. NS1 was only found in patients with WNND 
and was undetectable in asymptomatic cases 
(Figure 9(A)). Although some WNF patients showed 
low NS1 levels, these were not statistically significant. 
NS1 was also present in the cerebrospinal fluid (CSF) 
of patients with WNND (Figure 9(C)). Among these 
patients, serum and CSF NS1 levels did not differ sig
nificantly based on sex, age, or comorbidities (Sup
plementary Figure 3). A moderate, statistically 
significant positive correlation was observed between 
serum and CSF NS1 levels, with increases in serum 
NS1 often matching increases in CSF, and vice 
versa (Figure 9(D)). Conversely, USUV NS1 was 

Figure 6. Quantification of NS1 protein concentrations in the serum of mice following subcutaneous injection of (A) WNV and (B) 
USUV, measured by ELISA. For WNV, Ifnar−/− mice: n = 5 CTL, 12 WNV J3 and adult Swiss mice: n = 3 CTL, 6 WNV J6. For USUV, 
Ifnar−/− mice: n = 8 CTL, 8 USUV J3, 7 USUV J4, young (suckling) Swiss mice: n = 6 CTL, 14 USUV J6 and adult Swiss mice: n = 3 CTL, 
6 USUV J6. (*p ≤ 0.05; ***p ≤ 0.001); (*p ≤ 0.05; ****p ≤ 0.0001).

Figure 7. Quantification of NS1 protein concentrations in the 
serum of mice at day 4 following intraperitoneal injection of 
40 µg of (A) WNV NS1 or (B) USUV NS1, measured by ELISA. 
For each group, 5 control mice and 10 NS1-injected mice 
were analyzed. (***p ≤ 0.001).
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Figure 8. Histochemical analysis of brains from adult Swiss mice at day 4 post-intraperitoneal injection of (A) control, (B) WNV NS1, 
and (C) USUV NS1, using CD45 staining to assess T cell infiltration. Among the five mice per condition, focal recruitment only one 
WNV NS1-injected mouse exhibited focal recruitment of CD45+ inflammatory cells in the brain, whereas no such cellular recruit
ment was detected in the USUV NS1 or control groups.

Figure 9. Quantification of NS1 protein in serum and cerebrospinal fluid (CSF) from infected patients, measured by ELISA. (A) NS1 
levels in the serum of WNV-infected patients, including asymptomatic, febrile, and neurological cases. (B) NS1 levels in the serum 
of USUV-infected patients. (C) NS1 levels in the CSF of WNV-infected patients with neurological manifestations. (D) Correlation 
between NS1 protein levels in serum and CSF of WNV-infected patients (r = 0.506; 95% CI: 0.254–0.694; p < 0.001). (*p ≤ 0.05; 
**p ≤ 0.01; ***p ≤ 0.001).
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undetectable in all patients, regardless of clinical 
presentation (Figure 9(B)).

Overall, NS1 was detectable exclusively in patients 
with neurological forms of WNV infection, whereas 
it remained undetectable in all USUV-infected 
patients regardless of clinical presentation. This strik
ing difference highlights virus-specific expression pat
terns of NS1 and suggests that NS1 may serve as a 
potential biomarker for severe WNV infection, while 
its absence in USUV infections reflects either lower 
secretion levels or a different pathophysiological role 
of NS1 in this virus.

Differential thermal stability of WNV and USUV 
NS1 proteins

To investigate whether the differences observed 
between WNV and USUV NS1 in in vitro systems, 
mouse models, and patients could be at least partially 
attributed to intrinsic protein properties, we analyzed 
recombinant NS1 from both viruses. Thermal dena
turation revealed clear differences in stability: WNV 
NS1 exhibited high thermal stability, with a gradual 
and continuous loss of structure occurring only at 
elevated temperatures. In contrast, USUV NS1 was 
slightly less stable, displaying a biphasic denaturation 
profile, with a minor unfolding event around 62°C fol
lowed by a more pronounced transition near 86°C 
(Figure 10). These intrinsic differences are consistent 

with the distinct secretion profiles and functional 
effects observed in vitro, suggesting that both protein 
stability and cellular behaviour contribute to the 
virus-specific properties of NS1.

Discussion

To date, NS1 secretion has been extensively character
ized for several orthoflaviviruses, including dengue 
virus (DENV), Zika virus (ZIKV), Japanese encephali
tis virus (JEV) [35–37]. For these viruses, circulating 
NS1 has been proposed as a biomarker of neuroinva
sion and as a potential therapeutic and vaccine target 
[28,38,39]. Moreover, NS1 is known to modulate 
endothelial permeability through mechanisms invol
ving glycocalyx degradation, induction of metallopro
teases, and junctional protein disruption [23,26,40]. In 
contrast to ZIKV and DENV, relatively little is known 
about the biological activity of WNV NS1 whereas 
USUV NS1 had remained completely unexplored. 
Previous studies have shown that WNV-infected 
cells secrete NS1 in substantial amounts, and that cir
culating NS1 can be detected in infected animal 
models [41–43]. NS1 administration prior to infection 
induces more severe clinical disease in WNV-infected 
red-legged partridges [44]. More recently, WNV NS1 
has been shown to selectively alter brain endothelial 
cells and to promote blood–brain barrier permeability 
in both in vitro and in vivo models, supporting its role 

Figure 10. Differential Scanning Fluorimetry (DSF) analysis of CTL, WNV NS1, and USUV NS1. The first derivative of the fluor
escence ratio (350 nm / 330 nm) reflects changes in the intrinsic fluorescence of aromatic amino acids, primarily tryptophans, 
enabling discrimination between the folded and denatured states of each protein. CTL does not exhibit a defined thermal tran
sition and is shown for reference.
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in viral neuroinvasion [22]. However, prior to this 
study, the presence of circulating NS1 in patients 
infected with WNV or USUV had not been investi
gated, and no comparative analyses between the two 
viruses were available.

We found that both WNV lineages 1 and 2 secreted 
comparable amounts of NS1 into the extracellular 
medium, whereas among USUV strains, only the 
Europe 2 lineage showed detectable secretion. On 
average, NS1 concentrations produced by WNV- 
infected cells were approximately six times higher 
than those measured following USUV infection. 
WNV and USUV NS1 proteins share 74.43% sequence 
identity, suggesting that relatively small differences in 
amino acid sequence can nonetheless result in sub
stantial functional divergence, including differences 
in secretion efficiency and modulation of endothelial 
cells. These results indicate that NS1 secretion capacity 
varies not only between viral species but also among 
lineages. Whether these differences arise from intrin
sic structural determinants of NS1 remains an open 
question. Structural data are available for WNV NS1, 
with crystallographic models deposited in the Protein 
Data Bank (PDB entries 4O6C and 4O6D), which 
reveal the conserved dimeric organization and 
secreted hexameric architecture characteristic of 
orthoflavivirus NS1 proteins. To date, no experimental 
structure has been reported for USUV NS1.

Given the ∼74% sequence identity between WNV 
and USUV NS1, homology modelling would be 
expected to predict a highly similar global fold, with 
predominantly localized surface variations. Accord
ingly, major structural rearrangements are unlikely 
to account for the functional differences observed 
here. Rather, subtle amino acid substitutions may 
influence oligomer stability, secretion efficiency, con
formational dynamics, or interactions with host fac
tors involved in endothelial modulation and 
inflammation. Importantly, currently available struc
tural models represent static conformations and do 
not capture dynamic properties or interaction kinetics 
that may underline the systemic phenotypes described 
in this study. Further dedicated structural and bio
physical investigations will therefore be required to 
determine how specific substitutions may modulate 
NS1 function. As an initial step, we provide a com
parative sequence alignment of WNV and USUV 
NS1 in Supplementary Figure 4 to highlight conserved 
and variable regions that may guide future mechanis
tic studies. Thermal stability analyses further revealed 
that WNV NS1 is highly stable, whereas USUV NS1, 
although stable, exhibited slightly reduced stability 
and a biphasic denaturation profile with two distinct 
unfolding events. This two-step behaviour may 
reflect conformational rearrangements within the 
protein or an incomplete initial unfolding event lead
ing to a second transition at higher temperatures. 

These findings may explain the low levels of NS1 
detected in USUV-infected cells compared with 
WNV, as well as the observations in mouse models 
and patient sera. Indeed, while thermostable proteins 
may retain flexibility under physiological conditions 
(37°C), reduced thermal stability, as observed for 
USUV NS1, correlates with increased susceptibility 
to partial unfolding during intracellular trafficking, 
leading to recognition by ER quality control and 
ERAD-mediated degradation before secretion [45]. 
Thermostable proteins are generally more resistant 
to proteolysis and exhibit longer half-lives [46]. Struc
tural determinants within the NS1 wing domain also 
influence secretion efficiency in orthoflaviviruses 
[47,48]. Once secreted, WNV NS1’s higher thermo
stability likely contributes to its prolonged half-life 
in serum and culture supernatants, resisting denatura
tion, aggregation, or extracellular proteolysis more 
effectively than USUV NS1. This dual characteristic, 
enhanced intracellular persistence leading to greater 
secretion, followed by greater extracellular persistence, 
could explain the observed differences in NS1 levels 
across our in vitro, in vivo, and patient samples. 
Importantly, this does not preclude functional flexi
bility, as WNV NS1 retains the conserved dynamic 
properties required for endothelial interactions and 
hexamerization. Extending DSF analyses to NS1 pro
teins from additional USUV and WNV lineages 
would be particularly informative to determine 
whether non-secreting strains share a common stab
ility profile or whether lineage-specific mutations 
result in distinct unfolding behaviours.

For USUV, the absence of detectable NS1 secretion 
for most strains, except EU2, known to be the most 
virulent, suggests that this capacity may depend on 
the genetic sequence, with specific mutations that 
could participate in extracellular export. However, 
NS1 sequence comparison between the different 
USUV strains reveals only four amino acid differences 
overall (Supplementary Figure 5). It is therefore unli
kely that these differences have a significant impact on 
the structure and function of NS1 in these different 
strains. It is also unlikely that this could explain the 
higher secretion levels of the EU2 strain. Observations 
in other orthoflaviviruses have identified factors that 
modulate NS1 flexibility, hexamer stability, and 
secretion capacity, supporting the hypothesis that 
determinants within the NS1 “wing” domain may 
influence its maturation, conformational dynamics, 
and extracellular export [36,37,49]. The distinctive 
secretion phenotype of NS1 from USUV EU2 may 
also result from factors beyond the intrinsic stability 
of the protein. Furthermore, previous studies have 
shown that the Europe 2 lineage replicates more 
efficiently than other USUV lineages, which could 
lead to earlier or increased detection of NS1 before sig
nificant denaturation occurs [17]. Disentangling the 
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respective contributions of replication efficiency, NS1 
stability, and secretion dynamics will require compre
hensive analyses across multiple strains.

The PCR array analysis of human brain microvas
cular endothelial cells revealed that both NS1 pro
teins induce the expression of genes involved in 
tissue repair, wound healing, remodelling, and cell 
migration, as well as the maintenance of endothelial 
integrity and the regulation of inflammatory and 
coagulation responses, including CFLAR, EDNRA, 
MMP2, TGFβ1, and TIMP1. This aligns with pre
viously described effects of WNV NS1 on endothelial 
activation and vascular remodelling [50,51] and 
suggests that NS1 coordinately modulates key mech
anisms supporting endothelial protection and resili
ence, independently of the viral origin. Among 
these genes, TIMP1 (Tissue Inhibitor of Metallopro
teinases-1) stands out with exceptionally strong over
expression, 111.17-fold for WNV NS1 and 193.79- 
fold for USUV NS1, far exceeding that of other upre
gulated genes (all below 30). This induction suggests 
an intense endothelial response aimed at counteract
ing metalloproteinase activation and preserving vas
cular barrier integrity in response to NS1-induced 
transcriptional stress. TIMP1 plays a central role in 
controlling extracellular matrix remodelling and sta
bilizing intercellular junctions. Its overexpression 
may also influence inflammation: beyond inhibiting 
MMPs, TIMP1 can activate signalling via CD63 and 
β1-integrins, promoting endothelial protection 
while also enhancing inflammation, for instance by 
facilitating leukocyte migration and cytokine pro
duction. Depending on the NS1 variant, this dual 
functionality could contribute to either a more pro
tective response or, conversely, exacerbated inflam
mation. Moreover, a marked increase in ZO-1 
expression was also observed in some endothelial 
cells treated with WNV and USUV NS1, although 
this difference was not statistically significant. This 
increase in ZO-1 mRNA may reflect a transcrip
tion–function uncoupling similar to that reported 
for DENV and ZIKV infections in endothelial cells. 
In these contexts, a compensatory upregulation of 
ZO-1 transcripts has been described, while the 
protein can undergo cytoplasmic relocalization or 
degradation (notably through MMP9/NS1-mediated 
mechanisms in ZIKV), ultimately being associated 
with increased permeability. Importantly, barrier 
function largely depend on proper cytoskeletal 
anchoring and junctional localization rather than 
on mRNA abundance [40,52]. Despite shared 
effects on some genes, others show distinct 
expression profiles depending on the NS1 protein. 
For example, WNV NS1 induces upregulation of 
MMP1, suggesting modulation of the extracellular 
matrix. In contrast, USUV NS1 increases CCL2, 
and upregulates claudin-5 and ANGPT1, both 

involved in junction maintenance and endothelial 
stability. These differences indicate that WNV and 
USUV NS1 activate distinct transcriptional path
ways, with potential implications for regulating 
inflammation and endothelial integrity.

In our in vitro endothelial assays, we used a work
ing concentration of 10 µg/ml of recombinant NS1. 
We acknowledge that this nominal dose exceeds the 
average NS1 levels measured in infected cell culture 
supernatants and in mouse serum, particularly in 
immunocompetent animals. However, these measure
ments reflect bulk or circulating concentrations and 
do not necessarily capture local NS1 accumulation in 
the immediate vicinity of highly infected foci. Our sta
tic 2D culture system is designed to model a local high 
exposure scenario, in which endothelial cells are uni
formly and continuously exposed to NS1 in the 
absence of blood flow, clearance mechanisms, or 
spatial gradients. Notably, similar concentrations of 
orthoflaviviral NS1 (typically 5–10 µg/ml) are widely 
used to investigate endothelial dysfunction in vitro 
[25,53,54].

Functional analysis using an in vitro BBB model 
reinforces the differences observed between NS1 
from WNV and USUV. Treatment with WNV NS1 
results in a moderate but significant increase in 
barrier permeability, comparable to that observed 
following exposure to infectious virus and consistent 
with the activation of genes involved in matrix remo
delling and inflammatory responses. In contrast, 
USUV NS1 does not induce significant changes in 
barrier-associated markers, despite a strong induc
tion of TIMP1 and pro-inflammatory mediators 
such as CCL2, as previously described in endothelial 
cells treated with USUV NS1. These results indicate 
that NS1 contributes, at least in part, to WNV’s abil
ity to disrupt BBB integrity, a key mechanism under
lying neuroinvasion. Conversely, USUV NS1 appears 
to lack this activity, which may partly account for its 
limited neurotropism in humans. Further studies will 
be required to formally establish the contribution of 
NS1 to the differential neurovirulence of these two 
viruses.

In type I interferon receptor–deficient mice 
(Ifnar−/−), both infections cause rapid mortality, but 
systemic inflammatory responses are significantly 
stronger following WNV infection. Numerous pro- 
inflammatory mediators (such as IL-1, IL-6, TNFα, 
IFNγ, CCL2, and CXCL10) are expressed at substan
tially higher levels than in USUV-infected mice, 
reflecting exacerbated immune activation. In immu
nocompetent mice, only WNV infection induces mor
tality and a strong cytokine response, whereas USUV 
remains non-lethal and only weakly inflammatory. 
These differences likely reflect WNV’s greater ability 
to cross the blood–brain barrier and trigger severe 
neurovascular inflammation. In Ifnar−/− mice, 
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serum NS1 concentrations are approximately 240-fold 
higher following WNV infection than after USUV 
infection. Moreover, in immunocompetent animals, 
only WNV NS1 is detectable, whereas USUV NS1 
remains undetectable. Even after injection of recombi
nant proteins, WNV NS1 recovers at much higher 
concentrations than USUV NS1, suggesting greater 
stability or slower clearance. Histologically, WNV 
NS1 induces discrete foci of localized brain inflam
mation, characterized by CD45+ cell infiltration; 
these are absent following USUV NS1 injection and 
are not observed in all mice. These findings support 
the notion that WNV NS1 alone can trigger localized 
cerebral inflammatory responses, potentially contri
buting to the neurovascular damage observed during 
infection, with notable interindividual variability. 
Nevertheless, NS1 is not detected in the brains of trea
ted mice, and NS1 alone is not sufficient to induce 
overt neurological symptoms, in contrast to what is 
observed following infection with infectious virus. A 
larger animal cohort, together with kinetic analyses 
using different doses of NS1, would be required to 
investigate more precisely the role of NS1 in murine 
models. This represents an important limitation of 
the present study, particularly due to the requirement 
for large amounts of recombinant NS1 to treat a sub
stantial number of animals.

Our results show that WNV NS1 is predominantly 
detected in patients with neurological symptoms, 
including in the cerebrospinal fluid, highlighting its 
potential as a marker of neuroinvasion. In contrast, 
USUV NS1 was never detected, regardless of clinical 
presentation, consistent with its low secretion 
observed both in vitro and in vivo. These findings 
suggest that NS1 detection in serum or CSF could 
serve as a specific diagnostic indicator for neuroinva
sive WNV infection. Moreover, the presence of NS1 in 
the CSF of patients with neurological symptoms fol
lowing WNV infection reinforces the notion that 
WNV NS1 may cross the BBB and exert deleterious 
effects, unlike USUV NS1.

Taken together, while our findings highlight 
marked differences in NS1 secretion, stability, and 
endothelial effects between WNV and USUV, these 
intrinsic properties alone are unlikely to fully account 
for the differences in pathogenicity observed between 
the two viruses. Rather, disease outcome is influenced 
by complex host–virus interactions that can vary sub
stantially across species and tissues. Notably, in cer
tain avian hosts, USUV can display pathogenicity 
comparable to or even exceeding that of WNV, 
underscoring that additional viral and host determi
nants beyond NS1 properties contribute to virulence 
[55,56]. Factors such as viral replication dynamics, 
host immune responses, and tissue tropism are there
fore also likely to play important roles in shaping 
clinical outcomes.

Conclusion

Altogether, our results reveal that, despite the close 
genomic and structural similarities between WNV 
and USUV, their NS1 proteins differ markedly in 
secretion efficiency and in their effects on host 
cells. These findings highlight the value of monitor
ing WNV NS1 in patients, in contrast to USUV. The 
detection of WNV NS1 in patient serum and cere
brospinal fluid, together with its early secretion 
and established role in pathogenesis, underscores 
its potential as a valuable immunological target. 
Beyond its use as a diagnostic marker, WNV NS1 
may also serve as an indicator of pathogenic pro
cesses, particularly those involving disruption of 
BBB integrity, as previously reported for other 
orthoflaviviruses. Overall, these insights advance 
our understanding of NS1-driven mechanisms in 
orthoflavivirus pathogenesis and support the devel
opment of NS1-focused strategies for diagnosis and 
prevention.
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