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Abstract

Background: Usutu virus (USUV) is an emerging neurotropic arthropod-borne virus recently involved in massive die
offs of wild birds predominantly reported in Europe. Although primarily asymptomatic or presenting mild clinical
signs, humans infected by USUV can develop neuroinvasive pathologies (including encephalitis and
meningoencephalitis). Similar to other flaviviruses, such as West Nile virus, USUV is capable of reaching the central
nervous system. However, the neuropathogenesis of USUV is still poorly understood, and the virulence of the
specific USUV lineages is currently unknown. One of the major complexities of the study of USUV pathogenesis is
the presence of a great diversity of lineages circulating at the same time and in the same location.

Methods: The aim of this work was to determine the neurovirulence of isolates from the six main lineages
circulating in Europe using mouse model and several neuronal cell lines (neurons, microglia, pericytes, brain
endothelial cells, astrocytes, and in vitro Blood-Brain Barrier model).

Results: Our results indicate that all strains are neurotropic but have different virulence profiles. The Europe 2 strain,
previously described as being involved in several clinical cases, induced the shortest survival time and highest
mortality in vivo and appeared to be more virulent and persistent in microglial, astrocytes, and brain endothelial
cells, while also inducing an atypical cytopathic effect. Moreover, an amino acid substitution (D3425F) was
specifically identified in the RNA-dependent RNA polymerase domain of the NS5 protein of this lineage.

Conclusions: Altogether, these data show a broad neurotropism for USUV in the central nervous system with
lineage-dependent virulence. Our results will help to better understand the biological and epidemiological diversity
of USUV infection.
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Background

Usutu virus (USUV) is an arbovirus of the genus Flavivi-
rus from the Flaviviridae family. It belongs to the Japa-
nese encephalitis virus (JEV) antigenic complex isolated
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for the first time in 1959 from Culex neavei (trapped in
Swaziland) after intracerebral inoculation of newborn
mice in Southern Africa [1-4]. Over recent years, this
emerging virus has dispersed out of Africa mainly into
Europe [5]. It was presumably carried by migratory birds
and their associated mosquitoes, such as Culex pipiens
[6-9]. Similar to other flaviviruses, USUV 1is an
icosahedral-enveloped virus with a single-stranded posi-
tive sense RNA of 11 kb, with a 5" cap structure and one
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open reading frame (ORF) encoding a polyprotein of
3434 amino acids. The USUV polyprotein is post-
translationally processed by cellular and viral proteases
into three structural proteins: capsid (C), pre-
membrane/membrane (prM/M), and envelope (E), and
seven nonstructural proteins (NS1, NS2A, NS2B, NS3,
NS4A, NS4B, and NS5) [10]. Its natural life cycle mainly
involves birds (like Strigiformes or Passeriformes) and
mosquitoes (mainly Culex) [11].

USUYV infection of birds is frequently characterized by
encephalitis, myocardial degeneration, and necrosis of
the brain, liver, and spleen [6, 12]. Humans and others
mammals, such as horses, rodents, dogs, and wild boars,
are considered accidental hosts [13—17]. The first two
cases of USUV infection in humans were described in
Africa, precisely in Central African Republic (1981) and
Burkina Faso (2004), with mild symptoms such as fever
and rash [18]. In Europe, USUV infection was reported
for the first time in 2009 in two patients in Italy [19-
21]. Since then, several studies have reported human in-
fections in Italy associated with neurological damages

Table 1 Description of human cases of USUV infection worldwide
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[22-27]. In 2013 and 2018, six patients with neuroinva-
sive symptoms (meningitis and meningoencephalitis)
were diagnosed in Croatia, and a patient with aseptic
meningitis in Hungary [28-30]. In 2016, USUV infection
was reported in France in a patient with idiopathic facial
paralysis [31]. In addition, USUV was detected in asymp-
tomatic human blood donors in Austria, Germany, and
the Netherlands [32—-36]. To date, 100 cases of acute hu-
man infection have been described, mainly in Europe in-
cluding patients with neurological symptoms (Table 1).
Major USUV epizootics affecting avifauna, associated
with a large epidemic of West Nile virus (WNV), were
demonstrated in Europe in 2016 and in 2018 [37].
Isolates of USUV are currently classified into eight dif-
ferent genetic lineages which are divided in two major
African or European groups: Africa (AF) 1, 2, and 3 and
Europe (EU) 1, 2, 3, 4, and 5 [38, 39]. Although the great
USUV evolutionary diversity in Europe appears to have
emerged in the last decade, phylogeny analyses suggest
relatively long-term circulation of USUV in Europe. As
shown in Table 1, human cases of USUV infection are

Country Year Number Sample Clinical signs Studied population Identified strains  Ref
CAR 1981 1 Blood  Eruptive fever Clinical case Africa 3 [18]
Burkina 2004 1 Blood  Fever and jaundice Clinical case ? (18]
Faso
Italy 2009 1 CSF Meningoencephalitis Clinical case Europe 1 [19]
2009 1 Blood  Encephalitis Clinical case Europe 2 [20,
21]
2008- 3/44 CSF Meningoencephalitis Meningoencephalitis patients ? [22]
2009
2008- 8/306+ CSF/ Meningoencephalitis / Healthy ~ Meningoencephalitis patients (CSF). various ? [23]
2011 2/609 Blood healthy and sick subjects (serum)
2018 1/44 Blood  Healthy Blood donors Europe 1 [24]
2016- 25/ Blood  Healthy Blood donors ? [25]
2018 73964
2017- 9 Blood  Healthy Blood donors Europe 2. Europe 3 [26]
2018 and Europe 4
2017- 8/1967  Blood / Neuroinvasive diseases / Fever Patients with suspected arboviral infection Europe 2 [27]
2018 Urine  / Arthralgia / Myalgia
Croatia 2013 3/95 Blood  Meningoencephalitis Meningoencephalitis patients ? [29]
2018 3/178 Blood /  Neuroinvasive diseases Neuroinvasive cohort Europe 2 [30]
Urine
Germany 2016 1 Blood  Healthy Blood donors Europe 3 [34]
Netherlands 2018  7/12040 Blood Healthy Blood donors Europe 3 [36]
France 2016 1/166 CSF Idiopathic facial paralysis Patients with infection and/or neurological Africa 2 [31]
signs
Austria 2017 6/12047 Blood Healthy Blood donors Europe 2 [32]
2018 18/ Blood Healthy / Rash Blood donors Europe 2 and [33]
31598 Africa 3
Hungary 2018 1 Blood  Aseptic meningitis Clinical case Europe 2 [28]

This table summarizes acute human cases of USUV infection described in the literature and the viral strains involved

CAR Central African Republic
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associated with different lineages. However, it is interest-
ing to note that the majority of patients developing
neurological symptoms are related to the EU2 strain,
which is actively circulating in several European coun-
tries including Italy. It has been reported in the literature
that among 24 patients presenting neurological symp-
toms, 13 cases were infected with EU2 [20, 27, 28, 30],
one with AF2 [31], and one with EU1 [19], while for the
other cases the strains involved were not characterized.
USUV isolates have also been identified in asymptomatic
infected patients or infected patients with mild clinical
signs, such as AF3 [18, 33], EU1 [24], EU2 [26, 32, 33],
EU3 [26, 34, 36], and EU4 [26]. Complete genome se-
quencing and phylogenetic analyses of African and Euro-
pean lineages have shown genetic diversity among all
USUYV strains analyzed [40]. The pathogenicity of USUV
strains currently circulating in Europe still remains to be
investigated in order to understand the epidemiology
and evolution of USUV. It has been well described that
the neuroinvasive potential of many flaviviruses is strain-
dependent [41, 42]. This is the case for WNV which
shares a lot of similarities with USUV [43]. However, lit-
tle is known with respect to the neurovirulence of USUV
lineages, and it could be hypothesized that the lineages
currently circulating in Europe differ according to their
virulence profiles.

The aim of this present study was to characterize the
viral neurotropism and neuropathogenicity of six USUV
strains (EU1, EU2, EU3, EU5, AF2, and AF3 lineages)
currently circulating in Europe, using a suckling im-
munocompetent mouse model and both murine and hu-
man brain cells. Despite the fact that all USUV strains
were neurotropic and lethal in vivo, we observed differ-
ent rates of replication, cytokine induction, and mortality
between the different lineages. The EU2 isolate was the
most virulent, with 100% mortality in vivo and induction
of symptoms comparable to epileptic seizures. These
symptoms were not observed among the other strains.
In vitro, we found that all isolates infected cerebral cells
types, such as murine neurons and microglia, human
pericytes, brain endothelial cells, and astrocytes. How-
ever, in vitro infection showed that USUV isolates gave
rise to different growth dynamics. Interestingly, the EU2
lineage exhibited the highest cell infection level, with
both higher and more persistent replication rates, while
also inducing an atypical cytopathic effect (CPE) charac-
terized by dark cell clusters that detached from the cell
mat.

Materials and methods

USUV strains and cellular infection

Europe 1 strain (Vienna 2001-blackbird) was from INIA
Madrid (Spain); Europe 2 (TE20421/Italy/2017 and
TE18982/Italy/2017) was provided from Istituto
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Zooprofilattico Sperimentale, Emilia Romagna (Italy);
Europe 3 (USUV-HautRhin7315/France/2015), Africa 2
(Rhone 2705/France/2015), and Africa 3 (USUV-Haute-
Vienne4997/France/2018) strains were from ANSES
(National Agency for Food, Environmental and Occupa-
tional Health Safety, France); and the Europe 5 (BNI-
507/2016/Germany) strain was coming from Bernhard
Nocht Institute for Tropical Medicine, Hamburg
(Germany) (Table 2). The virus lineages were amplified
no more than four times on Vero cells (ATCC CCL-81).
Viral stocks were prepared by infecting 80% confluent
Vero cells, and cellular supernatants were collected 5 to
7 days after infection. Viral titers were determined by
TCID50/ml, which were calculated using the Spearman-
Kérber method [44]. For infections, cells at sub conflu-
ence were rinsed once with PBS, and USUV was added
in a small volume of medium for 2 h at 37 °C with con-
stant agitation prior to removing the inoculum.

Mouse experiments

Six-day-old neonatal Swiss mice (Janvier Laboratories,
Saint-Berthevin Cedex, France) were inoculated intraper-
itoneally with 10> TCID50/mice of USUV (1 = 10 to 12
mice per group). Cervical dislocation was used to
euthanize mice at the end of the experiment or if mice
presented general deterioration in their condition. Tis-
sues were snap frozen in liquid nitrogen for the deter-
mination of the viral burden or fixed in 4%
paraformaldehyde (PFA) and cut using a microtome (3-
pum sections) at the RHEM facilities (Montpellier) for
histological analysis.

Histology and immunostaining

Briefly, samples were collected and fixed for 24 h in neu-
tral buffered formalin 10% and embedded in paraffin.
Tissues were cut into 3-pm-thick sections, mounted on
slides, then dried at 37 °C overnight, and stained as pre-
viously described [45]. The slides were incubated at
37°C for 60 min with a rat anti-CD45 antibody (14-
0451, Bioscience) or a rabbit anti-Cleaved caspase 3 anti-
body (9671, Cell signaling). For viral antigen immuno-
staining, the slides were incubated at 37 °C for 32 min
with a mouse anti-flavivirus group antigen monoclonal
antibody (Millipore, MAB10216). A scanner (Hamama-
tsu NanoZoomer 2.0-HT) was used to analyze the slides.
Staining cells were quantified with the QuPath bioimage
analysis software.

Viral quantification for in vivo experiments

Organs were crushed with zirconia beads (Fastprep ap-
paratus, MP Biomedicals) in 500 uL PBS before RNA ex-
traction (RNA RNeasy Mini-Kit, Qiagen). Urine and
blood RNA were extracted with the EZ1 DSP virus kit
(Qiagen), and viral RNA levels were quantified by a one-
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Table 2 Country, year of isolation, host source, and passage history of the USUV strains used in the study

Isolation source Number of passages Ref/accession number

Lineage Strains Name Country of isolation Year of islolation
Europe 1 Vienna-2001-blackbird ~ Austria 2001
Europe 2 TE20421/Italy/2017 I[taly 2017
Europe 3 USUV-HautRhin7315 France 2015
Europe 5 BNI507/2016/Germany  Germany 2016
Africa 2 Rhone 2705 France 2015
Africa 3 USUV-HauteVienne4977  France 2018

Avian 4 AY453411.1

Avian 3 TE20421

Avian 4 KX601690

Avian 3 KY113091

Avian 3 KX601692

Avian 4 AF4997 (MT863562)

step quantitative reverse transcriptase PCR assay (RT-
qPCR) (Light Cycler 480, Roche) as previously described
[46]. Viral load was reported as TCID50 equivalents per
gram using a standard curve produced using serial 10-
fold dilutions of USUV with known viral titers.

Cells

Vero cells (ATCC CCL-81) and immortalized murine
microglial cell line BV-2 (generated by Dr. Elisabetta
Blasi [47]) were cultured in DMEM medium containing
10% fetal bovine serum (FBS). C6/36 cells (ATCC CRL-
1660) were grown in RPMI medium with 10% of FBS.
Human pericytes and astrocytes cells (catalog #1200 and
#1830, ScienCell™ ) were cultured on poly-L-lysine—
coated plates. Human endothelial cells were purchased
from ScienCell™ and cultured on fibronectin-coated
plates. Mouse hippocampal neurons (E18) were obtained
and plated using standard procedures as previously de-
scribed [44].

Immunofluorescence assays

Cells were fixed with 4% PFA and permeabilized for 5
min at room temperature with 0.1% Triton X-100. After
a blocking step for 30 min to 1h at RT with 2% bovine
serum albumin (BSA), an incubation step with primary
and secondary antibodies was performed. Cells were
then fixed and incubated during 5min with Hoechst
(Sigma) and mounted with fluorescent mounting
medium (Prolongold, Thermo Fisher). Samples were im-
aged by the Zeiss SP85 confocal microscope. Infected
cells were quantified by counting 10 fields per conditions
per experiments (> 1000 cells, = 3).

ELISA (enzyme-linked immunosorbent assay)

At various days post-infection, ELISA assays for human
CCL5, IL6, and CXCL10 were performed in mock- and
USUV-infected supernatants from microglia cells and as-
trocytes cells (R&D systems). Data were analyzed on a
spectrophotometer (Thermo Fisher Scientific). Absorb-
ance was measured at 450 nm. Mean concentrations
(pg/mL) of cytokines were all superior to the detection
limits, defined as the mean background value plus two
standard deviations (stddev).

RT-qPCR assays

USUV- or mock-infected cells (microglia and astrocytes)
or mouse brain homogenates were harvested in RLT
buffer (Qiagen), and RNA was extracted using RNeasy
Mini-Kit (Qiagen). cDNA was synthesized (Omniscript
reverse transcriptase, Life Technologies), and then ana-
lysis was done with a LC480 real-time PCR instrument
(Roche). HPRT gene was used to normalize gene
expression.

Brdu test

Cell proliferation was evaluated by enclosing 5000 cells
in 96-well plates. Astrocytes cells were infected with six
USUV lineages at a multiplicity of infection (MOI) 0.1.
At 7dpi, a bromodeoxyuridine ELISA test was per-
formed (Calbiochem BrDU cell proliferation test) ac-
cording to the manufacturer’s instructions. Absorbance
was measured using a spectrophotometer at 450 nm
(TECAN).

MTT test

Cellular apoptosis was evaluated by enclosing 5000 cells
in 96-well plates. Astrocytes cells were infected with six
USUYV lineages at a MOI 0.1. At 4 dpi, the test was per-
formed according to the manufacturer’s instructions
(Calbiochem, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium Bromide, Thiazole Blue, MTT - CAS
298-93-1). Absorbance at 570 nm was measured using a
plate reader.

In vitro blood-brain barrier (BBB) model

Briefly, the in vitro human BBB models consist in
CD34" blood cord-derived endothelial cells (CD34"-EC)
that have been differentiated and cultured in transwell
filters (Costar) on top of bovine pericytes [48]. Medium
was changed every 2 days. Lucifer Yellow (LY; 20 puM;
Life Technologies) was used to test the endothelial per-
meability (Pe) by calculating the concentration-
independent parameter, and the fluorescence was de-
tected at 432/538 nm [48, 49]. If the barrier is imperme-
able (Pe < to 1 x 107 cm/min), this model was infected
with USUV at the MOI of 0.1. After 2 h, the inoculum
was removed and 500 puL of fresh medium was added.
The medium was also changed at 4, 7, or 10 dpi.
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Transendothelial electrical resistance (TEER)
measurements

According to the manufacturer’s instructions, the TEER
was evaluated with the Epithelial Volt/Ohm Meter
EVOM2 (World Precision Instruments, Hertfordshire).
Electrodes were equilibrated in media and placed in the
upper and lower chambers. Background measurement of
a Matrigel-coated insert (with no cells) was subtracted
from the reading and the value was multiplied by the
growth surface area, to determine the TEER values
(Ohms*cm?).

Determination of neuropathogenicity markers
Neurovirulence and neuroinvasiveness markers such as
predicted N-linked glycosylation sites or the occurrence
of certain amino acids described to be associated with
increased virulence were determined as described previ-
ously [50]. Amino acid sequences of the polyprotein of
each viral strain were aligned using MUSCLE (MUltiple
Sequence Comparison by Log-Expectation, EMBL-EBI).
A percent identity matrix was generated aside with the
alignment (Fig. 9a). Some N-linked glycosylation sites as
well as specific mutations were highlighted (Fig. 9b).

Statistical analyses

A least three independent experiments with three repli-
cates were done for each experiment. Student’s ¢ test
and the Mann-Whitney (*p < 0.05, **p < 0.01) were used
to analyze unpaired data with GraphPad Prism software.

Results

USUV isolates are neurotropic but exhibit different
virulence profiles in suckling immunocompetent mice

It remains to be described whether all USUV strains can
enter the central nervous system (CNS) and cause simi-
lar damage to the brain parenchyma or whether lesions
are strain-specific. To better characterize the neuroviru-
lence of USUV isolates, we first evaluated the suscepti-
bility of mice to six different USUV lineages (EU1, EU2,
EU3, EU5, AF2, and AF3). These isolates were at low
passage numbers in order to avoid accumulation of mu-
tations owing to extensive passaging (Table 2, Fig. 1).
There is a limited number of experimental models that
enable the study of flavivirus virulence because wild-type
adult mice are resistant to infection by many of these vi-
ruses, including Dengue virus (DENV), USUV, and Zika
virus (ZIKV) [51, 52]. To overcome this problem, it is
possible to use transgenic mouse models. Mice lacking
the interferon type 1 receptor (Ifuarl””) display en-
hanced susceptibility to infection by flaviviruses [53, 54],
and immunocompetent suckling mice are susceptible to
viral infection given they have not yet fully developed a
functional interferon (IFN) response [51].
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To compare and study strain virulence in vivo, neonatal
immunocompetent Swiss mice were intraperitoneally (i.p.)
infected with different USUV strains at 10° tissue culture
infectious dose 50% (TCID50) per mouse. Symptoms and
mortality were monitored for 20 days. The EU2 strain ex-
hibited the most virulent phenotype as all mice infected
by this strain died 10 days post-infection (dpi), whereas
the mortality rates for mice infected by EU5, AF3, EU1,
EU3, and AF2 strains were 85%, 80%, 56%, 54%, and 53%,
respectively, at 20 dpi, the end of the experiment (Fig. 2a).
The mean time-to-death was also different between the
strains. EU2- and AF2-infected mice died more quickly
(8-9 dpi) versus the EU3-, EU5-, and EUl-infected mice
(10, 11, and 13dpi, respectively), whereas AF3-infected
mice had a delayed time-to-death with an average of 16
dpi (Fig. 2b). Among infected mice, lethargy and inactivity,
limb weakness, and paralysis of the hind limbs appeared
on average between 4 and 7 dpi for all strains, except for
AF3 for which symptoms appeared later (Fig. 2b). The
PBS-inoculated control groups exhibited no signs of dis-
ease throughout the experiment. It is interesting to note
the induction of convulsive seizures in mice infected with
the EU2 strain. These were observed at times of behavioral
changes after induction of stress (such as cage changing)
and were associated with the epileptiform activities of
freezing, tremor, and tail erection. These convulsive sei-
zures were not observed following infection by the other
strains, even at later times.

We next investigated the viral burden in the blood and
brain of infected mice. In the blood, the viral copy num-
ber was higher at 6 dpi in EU2- and EU5-infected mice
(p < 0.5) (Fig. 2¢). All strains tested were neuroinvasive
given that we detected the virus in the brains of mice in-
fected with all lineages. However, brain viral burden at 6
dpi was lower in EUl-, EU3-, EU5-, AF2-, and AF3-
infected mice compared to EU2-infected mice (p < 0.01)
(Fig. 2c). EU2-infected brains also showed the presence
of more viral antigen by immunohistochemistry staining
compared to the other strains, such as AF3- or EU5-
infected mice, presenting less viral antigen (Fig. 2d).

Overall, our observations suggest that despite the fact
that all strains appear neurotropic and induce neuro-
logical impairment in mice, they also have different viru-
lence profiles, particularly the EU2 isolate which appears
more pathogenic in this mouse model.

USUV strains differentially induce brain inflammation

As suggested by previous studies [15, 45, 55] and clinical
signs observed in our infected mice in this study
(such as epilepsy, hind-limb paralysis, limb weakness,
and lethargy), USUV infects, replicates, and damages
the brain, in turn causing functional abnormalities.
To better describe the brain infection profile follow-
ing infection by the different isolates, we performed
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immunohistochemistry in infected brains at 6 dpi. Brain
sections were stained with an anti-CD45 antibody, which
labels all lymphoid cells. We observed USUV-induced re-
cruitment of CD45" cells for all isolates (Fig. 3a). Cellular
infiltration was higher in EUl-, EU2-, and EU5-infected
mice compared to the other groups. Caspase-3 staining
showed minimal apoptosis, but still more cell death was
observed in EUl- and EU2-infected mice (Fig. 3a). To
evaluate whether the recruitment of inflammatory cells

was correlated with the overexpression of inflammatory
cytokines, we analyzed the inflammatory profiles of in-
fected brains at 6 dpi by RT-qPCR (Fig. 3b). We chose
markers that have already been associated with viral en-
cephalitis and neurodegenerative diseases, including
tumor necrosis factor alpha (TNFa), interleukin 6 (IL6),
and interleukin 1  (IL1pB). We detected a strong increase
in expression of Tufa, 1l6, and /1B, but also interferon
beta (Inff3) in all mouse USUV-infected brains. Increases
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Fig. 2 Clinical signs of USUV infection in suckling immunocompetent mice according to strains. a Survival rates of neonatal Swiss mice (6 days old)
intraperitoneally inoculated with 10% TCID50/mouse of six different USUV lineages. CT = control mice. b Onset date of symptoms in USUV-infected
suckling mice. Mice were monitored daily until clinical signs of disease were displayed and then were euthanized. Symptoms appeared at around 5
dpi for all strains excepted for AF3 (9 dpi). Epilepsy is observed only in mice infected by EU2. n = 6 for each group. ¢ Viral burden in blood and brain
was measured by RT-qPCR assay at 6 dpi and indicated by TCID50 equivalent per mL or per gram. d Transverse sections of the brain (cerebellum) of
USUV-infected mice at 6 dpi showing the presence of viral antigen after pan-flavivirus staining (associated with luxol blue). *p < 0.05 and **p < 0.01

in expression were generally smaller for African isolates
compared to European isolates, except for 1115 expression
with varying expressions between strains.

USUV isolates differentially infect and replicate in primary
human astrocytes and induce deleterious effects on
cellular proliferation and apoptosis

To better understand the capacity of USUV to infect the
brain, we compared USUV isolate virulence in various

cell types of the CNS. Firstly, we infected primary hu-
man astrocytes with all isolates at a MOI of 0.1. Surpris-
ingly, an atypical CPE was observed at 7 dpi following
infection by the EU2 isolate (Fig. 4a). USUV-induced
CPE are often characterized by cells rounding up during
necrosis, apoptosis, or pyroptosis [56]. Here, CPE in-
duced by EU2 was characterized by dark clusters of cells
that detached from the cell mat whereas the other iso-
lates demonstrated typical CPE. In order to determine
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Fig. 3 USUV isolates differentially induce cellular infiltration, apoptosis, and inflammation in the mice brain. a Left panel: Immunohistochemical
CD45 staining (associated with luxol blue) showing inflammatory infiltrates in the infected brain (brown staining) at 6 dpi. Some cells present
caspase 3 staining after immunohistochemistry. Right panel: Quantification of CD45-positive cells and caspase 3 positive cells in USUV-infected
brain compared to CT. b gRT-PCR analysis of TNFq, IL6, IFNB, and IL13 mRNA from the brain collected at 6 dpi. Each histogram represents the
mean + SEM from 6 independent mice normalized to CT. *p < 0.05 and **p < 0.01

whether this CPE was characteristic of the EU2 lineage,
we analyzed another EU2 isolate (TE18982). We ob-
served the same atypical CPE, suggesting that this obser-
vation could be lineage-dependent rather than strain-
dependent (Supplemental Figure 1A).

Since the replicative capacity of a virus is considered to
be a marker for virulence, we studied the replicative cap-
acity of the different USUV strains in astrocytes. This ap-
proach is based on the fact that the most virulent viral

strains produce more progeny, which can lead to higher
viral densities and therefore greater levels of virulence. As-
trocytes infected with the EU1 and EU2 strains released
more infectious viral particles at 2 dpi than astrocytes in-
fected with the other strains for which no significant amp-
lification is observed (Fig. 4a). At later times of infection
(until 7 dpi), EU2 produced higher titers than the other
strains as the production of viral particles further in-
creased while decreasing for all the other strains (Fig. 4a).
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Fig. 4 Comparative virulence between USUV strains in primary human astrocytes. Primary human astrocytes were infected with the six lineages of
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specifically with the EU2 strain. This CPE is characterized by dark clustered cells that detach from the cell mat. Right panel: Supernatants from infected
cells were collected at 2 and 7 dpi and subjected to TCID50 measurement on Vero cells. EU2 strain replicates longer in astrocytes. Results are
expressed as mean + SEM of 3 independent experiments. b Apoptosis (4 dpi) and cellular proliferation (7 dpi) measured by MTT and BrDU are affected
by USUV infection. ¢ Left panel. Mock and EU2 USUV-infected cells were fixed at 2 dpi and labeled with the pan-flavivirus antibody (in green) or
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A similar trend was observed for the other EU2 strain To measure the viability of infected astrocytes we per-
(Supplemental Figure 1B). This is a surprising result be-  formed MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
cause even with CPE the production of viral particles con-  tetrazolium bromide) tests at 4 dpi. Results showed more
tinued to increase over time, suggesting that the virus is  cell death following infection by EU1, EU2, EU3, and
persistent and the remaining cells produce a significant  AF3 strains compared to EU5 and AF2 strains (Fig. 4b).
amount of infectious viral particles. Given bright-field microscope images of USUV-infected
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astrocytes seemed to indicate a defect in cellular prolif-
eration, we next explored whether cell division was af-
fected by USUV infection. Astrocytes infected or not by
USUYV strains were incubated in the presence of the nu-
cleotide analog BrdU and then quantified at 7 dpi by
ELISA (Fig. 4b). Compared to non-infected cells, all
USUV-infected astrocytes showed a decrease in prolifer-
ation at 7 dpi which is however less important for EU5
and AF2 isolates. Pan-flavivirus immunofluorescence
staining showed very few positive cells but we clearly ob-
served more infected cells after EU2 infection (Fig. 4c).
The pattern of antigen staining was characteristic of
antigen distribution in the endoplasmic reticulum, a
classical site for flavivirus replication (Fig. 4c). Double-
stranded RNA staining also indicated an efficient EU2
replication in astrocytes (Fig. 4c). Altogether, these re-
sults suggest that the EU2 strain targets primary human
astrocytes more efficiently than the other USUV lineages
and replicates for longer time.

Variation of chemokine and cytokine secretion, and gene
expression levels in primary human astrocytes between
different USUV isolates

Astrocytes, along with microglia, are the predominant
source of cytokines and chemokines of CNS resident
cells, and thus may act as important processors of neu-
roinflammation and neurodegeneration [57]. Astrocytes
are key players in the inflammatory response during
neural infections caused by flavivirus [58, 59]. Conse-
quently, we investigated the mechanisms of induction of
the inflammatory signaling elicited by the different
USUV isolates in these cells. We first analyzed the
modulation of expression of several genes involved in
pro-inflammatory cytokine release. We collected mRNAs
from USUV- or control-infected human astrocytes at 2
dpi and we performed RT-qPCR to quantify gene tran-
script levels of selected cytokines (TNFa, CXCLIO,
CCLS, and IL6) (Fig. 5a). We are interested in these cy-
tokines because innate immunity is generally required
for clearance of viral infection, and when clearance is in-
effective, excessive cytokine release can occur. This can
be detrimental and associated with adverse effects, such
as CNS disorders. Thus, the main risk during neuroinva-
sive viral infection is the dispersion of the virus in the
CNS, causing induction of inflammatory responses and
destruction of neuronal cells. At 2dpi, we observed a
strong upregulation of cytokine mRNA in infected hu-
man astrocytes, mainly for the EU1, EU2, and AF3 iso-
lates (Fig. 5a). In parallel, we used enzyme-linked
immunosorbent assay (ELISA) to investigate the secre-
tion of CXCL10, CCL5, and IL6 chemokines/cytokines
into the culture medium of USUV- and control-infected
astrocytes (Fig. 5b). The amount of soluble CXCL10,
CCL5, and IL6 was increased in the supernatant of
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infected astrocytes at 2 dpi, but it varies depending on
the isolates used for infection similarly to the results ob-
tained by RT-qPCR (Fig. 5b). Increased expression of
CCL5 and CXCL10 could enhance recruitment and acti-
vation of immune cells and resident neuronal cells at the
site of infection, thereby promoting the clearance of free
virus as well as of infected cells in the CNS. Indeed,
CCL5 has been reported to have both neuroprotective
[60] and direct antiviral activities [61]. Moreover, during
the inflammatory response, astrocytes may influence the
balance between host protection and neurotoxicity. Con-
sidering this, we next investigated the antiviral response.
We analyzed the effects of USUV strains on the mRNA
level of IfnfS and several cellular pattern recognition re-
ceptors (PRRs), as well as some effectors involved in
their signaling pathway, including interferon regulatory
factor 3 (IRF3) and myeloid differentiation primary re-
sponse 88 (MYD88). We observed increased expressions
of retinoic acid-inducible gene I (RIG-I), melanoma
differentiation-associated antigen 5 (MDAS5), and toll-
like receptor 3 (TLR3), known to be activated by double-
stranded viral RNA during viral replication and involved
in IFNP induction [62]. These genes all exhibited USUV
strain-dependent expression levels. We did not observe
a significant increase in toll-like receptor 7 (TLR?7) ex-
pression (Fig. 5¢). In the literature, PRR expression levels
generally increase in concert with ascending responses
to viral infection, and suchlike increases are considered
to reflect pathway activation [62]. Accumulation of these
RNA sensors was accompanied by upregulated mRNA
expression levels of IFN signaling pathway components,
such as IFNP itself, but also MYD88 and to a lower ex-
tent IRF3 (Fig. 5¢).

Altogether, the gene induction profiles were heteroge-
neous between the strains. These results suggest that
USUV isolates differentially affect cytokine/chemokine
production and antiviral responses in primary astrocytes.

USUV strains differentially infect and replicate in
microglial cells

Microglia represents the resident immune cells of the
CNS. During brain infection, they have a critical role in
host defense against invading viruses. We previously de-
scribed that USUV efficiently infects microglia ex vivo in
organotypic murine brain slices [45] and the hippocam-
pal area of USUV-infected mice [56]. To determine if
USUV isolates can infect microglial cells in vitro, we in-
fected the immortalized murine microglial cell line BV-2
at an MOI of 0.1 [63]. Comparable to our results ob-
tained with astrocytes, we observed an atypical CPE at 5
dpi in microglia infected with the EU2 lineage (Fig. 6a)
but not with the other lineages, even at later times (Sup-
plemental Figure 2A). This suggested that this atypical
CPE is not a specific feature of infected astrocytes. At 5
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Fig. 5 Infection of astrocytes by USUV strains leads to different profiles in the secretion and expression of pro-inflammatory cytokines. a gRT-PCR
analysis of TNFa, CXCL10, CCL5, and IL6 mRNA collected at 2 dpi from human astrocytes cells infected or not by USUV. Results are expressed as
means of the fold regulation. b ELISA analyses of CXCL10, CCL5, and IL6 (pg/mL) at 2 dpi. Each histogram represents the mean + SEM from 3
independent experiments. ¢ gRT-PCR analysis of RIG-1, MDA-5, TLR3, TLR7, IFNB, MYD88, and IRF3 mRNA collected at 2 dpi from human infected
astrocytes. Results are expressed as means of the fold regulation normalized to CT (3 independent triplicates). *p < 0.05 and **p < 0.01

dpi, viral titer increase for the EU2 lineage while it de-
creased for all other isolates (Fig. 6a). Moreover, we de-
tected by pan-flavivirus immunofluorescence staining
that approximately 50% of cells were EU2-infected, 23%
were EUl-infected, and less than 10% were infected by
the other strains at 2 dpi (Fig. 6b).

We then investigated the effect of USUV infection on
the mRNA expression of key pro-inflammatory cyto-
kines. To compare pro-inflammatory cytokine gene

induction between the several isolates in microglia, we
collected mRNAs at 2dpi and performed RT-qPCR to
quantify gene transcript levels of Tufa, Cxcl10, Ccl5, 116,
and Inf. We observed a strong upregulation of these
cytokine mRNAs, with the exception of Tufa, primarily
in EU2- and AF3-infected microglia (Fig. 6¢). These data
highlight the induction of cytokine signaling by USUV in
microglia, particularly by the EU2 and AF3 isolates. This
was unexpected given that at 2dpi the AF3 strain
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Fig. 6 USUV strains replicate differentially in murine microglia and EU2 strains persist longer. Murine microglia were infected with USUV strains at
a MOI of 0.1. a Left panel: Bright light images of control and USUV-infected microglia at 5 dpi. We observe an atypical CPE- in EU2-infected cells.
Right panel: Supernatants from infected cells (MOI 0.1) were collected at 2, 5, and 7 dpi, and subjected to TCID50 measurement. Viral production
in USUV-infected microglia shows difference in terms of replication and persistence between strains, with greater virulence for EU2. b Left panel:
USUV-infected cells were fixed at 2 dpi and labeled with the pan-flavivirus antibody (in red) as showed for EU2 strain. Scale bar = 50 um. The
corresponding quantification is indicated on the right panel (n = 3 independent experiments). ¢ RT-gPCR analysis of TNFa, CXCL10, CCLS5, IL6, and
IFNGB of mRNA collected at 2 dpi from infected and non-infected (CT) microglial cells. d Analyses of CXCL10 by ELISA in the supernatants of CT- or
USUV-infected microglia at 2 dpi. Results are expressed as mean + SEM. *p < 0.05, **p < 0.01, and ***p < 0.001

infected a very small percentage of cells (3%, Fig. 6b).
On the other hand, the AF3 strain ultimately induced ef-
ficient replication and a strong inflammatory response,
suggesting that the few infected cells present produced a
substantial amount of infectious viral particles. CXCL10
protein secretion measured by ELISA was also signifi-
cantly increased in microglia infected by both EU2 and

AF3 to a lower extent in comparison to the control and
other strains (Fig. 6d).

Our results provide evidence that USUV isolates dif-
ferentially infect and replicate in murine microglial cells.
Microglia appear to be more permissive to the EU2 iso-
late, which also persists longer in this cell type as we
already observed in astrocytes.
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All USUV lineages infect pericytes, neurons, and brain
endothelial cells, but the EU2 isolate appears more
virulent

Next, we compared the replication of the six circulating
USUV strains in other CNS cell types: neurons, peri-
cytes, and brain endothelial cells. Brain endothelial cells
are highly specialized cells and form the BBB isolating
the CNS parenchyma from the blood. The BBB regulates
the flow of solutes, cells, and pathogens [64]. Infection
and/or disruption of this barrier might be a key event
preceding viral invasion. Pericytes are present on the
abluminal surface of brain microvessels, and they have a
regulatory effect on BBB formation and permeability
[65]. Although USUV is currently described as a neuro-
tropic virus and we previously reported that it can ef-
fectively replicate in murine neurons, the relative ability
of USUV to replicate in cells of the BBB, such as peri-
cytes and brain endothelial cells, is unknown [56]. Simi-
lar to our results obtained with astrocytes and microglia,
the EU2 strain induced an atypical CPE both in neurons
(4 dpi) and in brain endothelial cells (6 dpi) (Fig. 7a, c;
Supplemental Figures 2B and 3B). Pericytes on the con-
trary did not demonstrate any CPE following infection
by any of the strains (4 dpi) (Fig. 7b, Supplemental Fig-
ure 3A). Moreover, it is noteworthy that neuronal dam-
age was observed at 4 dpi, showing principally neurite
destruction in EU1, EU2, EU3, and AF3-infected neu-
rons (Fig. 7a, Supplemental Figure 2B). Productive
USUYV replication in neurons and pericytes was observed
for all strains (Fig. 7a, b). Viral production in murine
neurons and in human pericytes at 4 dpi was higher for
the European strains, especially the EU2 isolate (Fig. 7a,
b). In human brain endothelial cells, we showed that the
EU2 strain replicated strongly and was persistent over
time (Fig. 7c). Indeed, the viral titer was very comparable
between the different lineages at 2 dpi, but at 6 dpi the
quantity of EU2 viral particles increased, while it de-
creased over time from 4 dpi for EU1 and from 2 dpi for
the other isolates.

Altogether, our results show that neurons, pericytes,
and brain endothelial cells are all permissive to infection
by the different USUV strains, but only the EU2 isolate
appears again be persistent in these cell types.

USUV EU2 and AF3 infect and replicate in human brain-
like endothelial cells (hBLEC) without perturbation of
endothelial integrity

The BBB is very effective in protecting the brain from vi-
ruses circulating in the blood. However, neuroinvasive vi-
ruses have developed a variety of mechanisms to pass
through the BBB and reach the CNS. Several arboviruses,
such as WNV and JEV, lead to endothelial integrity impair-
ment and inflammatory molecule production that can dis-
rupt BBB integrity and in turn allow access of the virus to
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the CNS [66—68]. In this study, we used a human in vitro
BBB model which recapitulates the essential characteristics
of the endothelial barrier. To acquire BBB characteristics,
human CD34" cord blood-derived hematopoietic stem cells
were cultivated on culture inserts, in co-culture with peri-
cytes for 6-7 days (Fig. 8a). These hBLEC can form tight
junctions and express specific transporters [48] which can
allow the study of drug or cell passage through the BBB [69,
70]. We have previously shown that USUV AF2 can repli-
cate in hBLEC and cross the BBB without barrier break-
down [45]. Since replication in brain endothelial cells is
sufficient to allow viral transport through BBB, we investi-
gated whether both EU2 (particularly virulent) and AF3 (less
virulent) strains could infect and disrupt integrity of the
BBB in vitro. Following, hBLEC were infected by USUV on
the apical side at an MOI of 0.1. Supernatants were collected
at 4, 7, and 10 dpi from the apical (equivalent to blood vessel
lumens side) and basolateral (CNS parenchymal side) com-
partments, and cells were fixed to analyze localization of
tight junction proteins, regulating BBB integrity. Thus, endo-
thelial permeability coefficient (Pe) consisting to evaluate the
clearance principle of Lucifer Yellow (LY) and transendothe-
lial electrical resistance (TEER) were also measured. Figure
8b shows viral titers in apical and basolateral compartments
at 4. dpi (corresponding to the production between 0 and 4
days), 7 dpi (production between 4 and 7 days), and 10 dpi
(production between 7 and 10days). For the EU2 strain,
weak viral production was detected at 4 and 7 dpi in the
basolateral compartment, but production then increased at
10 dpi. On the other hand, in the apical compartment, the
viral production was high at 4 dpi and decreased at 7 dpi,
and then increased again at 10 dpi (Fig. 8b). These results
suggested an overall efficient production. The AF3 isolate
presented a different profile, with no efficient production at
4, 7, or 10dpi, in both the apical and basolateral compart-
ments (Fig. 8b). Pe of LY appeared not significantly altered
by either EU2 or AF3 strains at 10 dpi, both control and in-
fected endothelia displayed permeability coefficients of ~ 0.8
x 1072 cm/min, consistent with a “tight” BBB endothelium
(inferior to 1.0) (Fig. 7c). We observed no significant vari-
ation in TEER values after infection (Fig. 8c) and the endo-
thelium remained impermeable with no manifestation of
architectural disturbance (Fig. 8d).

Our results suggest that despite USUV EU2 being the
most virulent strain among the strains tested in this
study, EU2 infects the BBB from the luminal side with-
out deleterious effects on BBB integrity.

Genome analysis highlights mutation in NS5 EU2 strains
potentially correlated with virulence

By comparing the differences at protein level, we found
that among USUV strains, the amino acid average
pairwise identity was between 98.57 and 99.77% (Fig.
9a). Mutations predicted to influence virulence,
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pathogenicity, or neuroinvasiveness were then analyzed.
USUV strains were compared to a WNV lineage 2 strain
which circulated in Europe in 2018 (WNV L2): WNV-
6125 France 2018 (P2018-3687). Flaviviruses are de-
scribed to have N-linked glycosylation sites on their en-
velope proteins. Glycosylated E protein interacts with cell
surface lectins, facilitating attachment and infectivity
[50]. As expected, USUV strains have not N-linked glyco-
sylation site at position N67 known to be unique to

DENYV whereas in all strains we observed glycosylation at
N154 (motif NYS) that is highly conserved among flavi-
viruses. All strains exhibited also the potentially more
virulent proline at position NS1-250 [71]. As shown in
Fig. 9b, the three potential N-linked glycosylation sites at
positions 130, 175, and 207 within the NSI1 protein, all
molecular determinants of neuroinvasiveness, could be
identified in all strains as well. Concerning NS5, we
observed, specifically in USUV EU2, an amino acid



Clé et al. Journal of Neuroinflammation (2021) 18:11

Page 16 of 22

specific color

A
Virus Lineage A C D E F G
WNV-6125 France 2018
A (P2018-3687) 2 76.12 7496 76.06 73.05 7597 76.14
USUV Austria 2001
B (AY453411.1) EU1 76.12 99.45  99.68 99.8 9881 99.16
USUV ltaly 2017 Z
C (2017TE20421) EU2 7496  99.45 99.42 9886 98.60  98.95 z
el
USUV France 2015 <
D (KX601690) EU3 76.06  99.68  99.42 99.16  98.81  99.13 s
©
USUV Germany 2016 e
E (KY113091) EUS 73.05 99.18 98.86  99.16 98.60  99.77 E
USUV France 2015
F (KX601692) AF2 7597 98.81 98,60 9881  98.60 98.57
G | USUV France 2019 AF3 7614 9916 9895 99.13 99.77  98.57
(4997)
Amino acid % identity
B
5’ UTR 3’ UTR
Structural proteins I Non-structural proteins |—
793 AA 2641 AA
|c |prM| E I NS1 NSZAINSZBI NS3 I NS4A I 2KI NS4B I NS5 |
DENV serotype 1 | ISNTTTD | VGRESTE VONTTFI || DSETQVC || EKNETWK FKRES
WNV L2 | VSDLSTR | HGNYSTQ LABNTFV || ETNTTEC || GLEDTWK YEDTI
USUVEU1 | VSBVSTV | HGNYSSQ LANHTFV || EYNTTDC || HKNTTWR YEEVN
USUVEU2 | VSDVSTV | HGRYSSQ LANHTFV || EHNTTDC || HKNTTWR YEDVN
UsuvEus | vsBvsTv | HGNYSsQ LANHTFV || EHNTTIDC || HKNTTWR YEEVN
UsSuv Eus | VSBVSTV | HGRYSSQ LANHTFV || EHNTTIDC || HKNTTWR YEEVS
usuv AF2 | VsBVSTV | HGRYSsQ LANHTFV || EHNTTIDC || HKNTTWR YERVS
USUV AF3 | VSBVSTV | HGNYSSQ LANHTFV || EHNTIDC || HKNTTWR YEBVS
In relative protein g7 N154 N130 N175 N207 D835E
In polyprotein  N360 N447 N924 N969 N999 D3425E

Fig. 9 Genetic diversity of USUV strains. a Amino acid % identity of the viral polyprotein (MUSCLE, EMBL-EBI). Viral strains and associated lineage
are indicated in the table. b Annotated viral genome and subsequent viral proteins are shown. A zoom on specific known virulence motifs is
presented with amino acid position in the relative viral protein (up) or in the polyprotein (down). Each amino acid is highlighted with a

substitution at position 3425 of the polyprotein, which
corresponds to the residue position 835 of the NS5 pro-
tein (E3425D/E835D-NS5) (Fig. 9b). We also found this
mutation in the second EU2 strain that we used in our
study (data not shown). In addition, by analyzing other
EU2 sequences available online, we found this mutation
in 14/15 isolates (except for JF 266698). This suggests
that this substitution could be a characteristic mutation
of EU2 lineage. Interestingly, this mutation was previ-
ously described for an EU2 strain isolated from a patient
with neuroinvasive disease [21]. More precisely, this mu-
tation is localized in the RNA-dependent RNA polymer-
ase domain of the NS5 protein that codes for the viral
RNA polymerase. We also identified other unique

mutations for EU2 strain (NS1: E36G, R57X, L85, NS2A:
108 T, NS4B: 133S, K349R, T325X, NS5: 55I).

Discussion

USUV is classified into eight distinct lineages, which can
circulate simultaneously in certain areas, especially in
Europe. USUV has been repeatedly introduced into Eur-
ope from Africa over the last 50 years [72]. Our observa-
tions suggest that different isolates from the 6 main
USUV lineages can efficiently infect suckling immuno-
competent Swiss mice and they all have the ability to ac-
cess and replicate in the brain parenchyma. However, we
reported different virulence profiles between the strains.
In particular, the EU2 isolate appeared more pathogenic,
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whereas the AF3 strain had a significant delay in appear-
ance of symptoms and mortality. One of our striking re-
sults is that the EU2 isolate, unlike the other isolates,
induced symptoms similar of epileptic seizure including
freezing, tremor, and tail erection. Seizures are com-
monly reported consequences of infection by several
neurotropic viruses that can induce neuroinflammatory
responses, leading to enhanced neuronal excitability and
ultimately contributing to epileptogenesis. For example,
another flavivirus ZIKV is known for its induction of
epileptic seizures in neonatal infected mice [73]. Exacer-
bated inflammation could be a consequence as well as a
cause of epilepsy, and several inflammatory mediators,
such as IL1B, TNF, and IL6, have been detected in surgi-
cally resected brain tissue from epileptic patients [74].
The major role of brain inflammation in the develop-
ment of seizures has also been demonstrated in several
models of infectious diseases [75]. However, given the
fairly similar inflammatory profiles between the different
European isolates in infected mice, exacerbated inflam-
mation does not seem to be the only cause of the con-
vulsive seizures observed following EU2 strain infection.
Viral infections of the CNS are dependent upon viral
replication characteristics as well as immune responses
to the virus. Once in the brain, neurotropic arboviruses
can infect a variety of cells and lead to general neuroin-
flammation and eventually BBB impairment if cells of
the neurovascular unit (NVU) as pericytes, or endothe-
lial cells are targeted, as already described for JEV [76,
77] or DENV [78]. The concept of the NVU was defined
by Harder [79] as a structure formed by neurons, astro-
cytes, pericytes, microglia, oligodendrocytes, and endo-
thelial cells. Interactions occur between neural, glial, and
vascular components of the NVU in response to physio-
logical stimuli or neuroimmune responses. Overall, these
interactions maintain CNS homeostasis. NVU cells are
direct or indirect targets of neurotropic flaviviruses. In-
fection of these cells can induce the release of soluble
mediators that are involved in neuroinflammation and,
in some cases, disruption of the blood-brain barrier
(BBB). However, CNS resident cells have developed in-
nate antiviral immune strategies to defend against
neurotropic viruses. If neurons are a major target, other
cell types such as astrocytes, microglia, pericytes, and
endothelial cells can also become infected and partici-
pate to the resolution of infection by generating immune
responses. Microglia and astrocytes are the main cells in
the CNS responsible for initiating, regulating, and main-
taining neuroimmune responses to viral infections. Acti-
vated glial cells are known to produce numerous
mediators, including cytokines and chemokines, that or-
chestrate both the defense against and the pathogenicity
of CNS viral infections [80]. Astrocytes can be infected
by different flaviviruses, including ZIKV, WNV, JEV, or
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tick-borne encephalitis virus (TBEV) [59, 81, 82], as well
as USUV [56]. Interestingly, as observed in suckling im-
munocompetent Swiss mice, the EU2 USUV isolate also
resulted in higher viral infection/replication in a large
panel of neuronal cells. In this regard, EU2 infection re-
sulted in higher susceptibility and proportion of infected
cells in astrocytes, where we observed increased viru-
lence with two different strains, suggesting that the ef-
fect is potentially lineage-dependent rather than strain-
dependent. The ability of the USUV strains to differen-
tially replicate in NVU cells may favor the capacity of
the virus to undergo a second round of infection into
the CNS. Thus, NVU cells may play a central role not
only in the initial dissemination of different USUV
strains to the CNS, but also in secondary waves of
spread, both likely to exacerbate USUV-mediated
neuropathology.

CNS cells express a number of PRRs and are able to
respond to pathogen-associated molecular patterns
(PAMPs; derived from pathogens) and to damage-
associated molecular patterns (DAMPs; released upon
CNS damage). USUV appears to induce a different cyto-
kine response depending on the cell type and the strain.
For example, the EU2 isolate replicated more efficiently
and induced stronger cytokine responses in microglia,
one of the main effector cells in neuroinflammation. The
AF3 strain had a similar profile; nevertheless, it repli-
cated for a shorter time in these cells. The fact that the
EU2 strain replicates more and for a longer time com-
pared to the other strains in several CNS cell types could
explain the strong deleterious effect of the infection ob-
served in vivo. The host innate antiviral response plays a
central role in controlling viral replication. Following
USUV infection, the inflammatory context is associated
with an important antiviral response, as observed by up-
regulation of IFNp in the infected brain and in neuronal
cells. In infected astrocytes, there was increased expres-
sion of genes involved in the antiviral response, such as
IFNP and IRF3, mainly for EU1 and EU2 strain infec-
tions. Nonetheless, replication was also highest for these
two strains. These results suggest that the IRF3-
dependent arm of the host antiviral response does not
differentially restrict USUV strain replication within in-
fected cells. Moreover, the host antiviral response ap-
pears to play a minimal role in the differential
susceptibility of astrocytes to different USUV strains.
The absence of an efficient protective effect of type 1
IFNs has been demonstrated for numerous other neuro-
tropic flaviviruses, such as DENV and WNV [83]. Previ-
ous studies have shown the induction of antiviral
responses despite USUV replication, suggesting that
USUV does not harbor mechanisms that efficiently
interfere with IFN induction [56]. The mechanisms used
by USUV to interfere with this IFN response in order to
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establish a productive infection are currently not known.
RIG-I, TLR3, and MDAS5 are well-conserved cytoplasmic
PRRs that detect viral RNAs during infection and acti-
vate the type I IFN-mediated antiviral immune response.
RNA levels of PRRs generally increase in concert with
viral infection and are considered to reflect pathway acti-
vation. While RIG-I or TLR3 were overexpressed follow-
ing USUV infection and this did not vary strongly
between different strains, MDA5 overexpression was
greater in isolates with strong IFN induction, including
the EU1, EU2, and AFS3 strains.

Host innate responses leading to pro-inflammatory
cytokine and chemokine production are thought to
modulate BBB integrity and enable viruses to access the
brain [84]. The brain endothelium constitutes a primary
barrier to virus neuroinvasion. Using an in vitro BBB
model that exhibits the physiological characteristics of
the brain endothelium [48], we demonstrated that the
EU2 isolate, the most virulent strain we tested, can infect
and replicate in hBLEC. Here, viral particles were re-
leased in the basolateral compartment (which would cor-
respond to the parenchymal side) for a prolonged time
(unlike the AF3 strain), potentially increasing the cap-
acity of the EU2 strain to cross the BBB. However, this
isolate did not disturb endothelial integrity. It is gener-
ally suggested that for viral invasion BBB disruption is a
pivotal event. Yet, numerous studies show that neuro-
tropic flaviviruses can reach the CNS by crossing the
BBB without breaking the barrier, allowing free virus to
spread in the CNS. Our findings are consistent with re-
ports that the capacity of virus to cross the BBB to reach
the CNS is not systematically the determining factor for
neuropathogenicity. Increasing evidence suggests that
viral entry into the CNS is often a multistep process that
can occur through one of several routes. Some neuro-
tropic viruses can directly infect the endothelial cells of
the brain and release viral particles into the parenchyma.
Viral neuroinvasion can thus occur via replication of the
virus within NVU cells prior to the breakdown of the
BBB. This mechanism is thought to be shared by neu-
roinvasive viruses, including the closely related flavivirus
WNV, and enhances dissemination within the CNS [85].
Our results suggest that the differential invasion of the
brain by the several different USUV strains does not
seem to be linked to strain-dependent BBB disturbance,
but rather to a different capacity to infect and replicate
in the cells forming the BBB.

Another interesting observation is the presence of a
specific and atypical CPE following EU2 lineage infection
in all CNS components (with the exception of pericytes).
The characteristics of CPE caused by flaviviruses vary
according to the host cell and involved various factors,
including viral receptors, host genetics, defective viral
particles, and immune response [86]. CPE induced by
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USUYV is usually characterized by a diffuse CPE corre-
sponding to cell rounding, shrinkage, and lysis. The
atypical CPE we observed with two different isolates of
EU2 was characterized by the presence of dead cells
floating in clusters and could potentially be correlated
with the higher virulence of this lineage. We could ex-
pect a relation between viral infectivity and virulence,
CPE thus being unique to specific USUV lineages. Cellu-
lar and/or viral factors involved in this specific CPE in-
duced by EU2 strains remain to be determined.
Virulence is an adaptive process and the result of in-
teractions between numerous factors, involving both
viral and host cell factors. These could include for ex-
ample tropism, induction of neuronal apoptosis, resist-
ance to interferon, regulation of cytokines and
chemokines, induction of matrix metalloproteinase,
quasi-species generation, or upregulation of major histo-
compatibility complex class I expression. It is therefore
clear that virulence is a multifactorial process and many
aspects need to be studied in order to elucidate viral
pathogenicity. For example, the neuroinvasive potential
of WNYV is strain-dependent, but mainly due to differen-
tial strain ability to reach the CNS [43]. In some cases,
this difference could also be due to different replication
capacities in BBB cells or directly in neurons, as already
demonstrated for WNV [59] and Semliki Forest Virus
[87]. It is documented that there is a close relationship
between European USUV strains (nucleotide identity
99%) while there is a greater divergence between African
USUYV isolates (nucleotide identity 96%). Several struc-
tural and nonstructural genes (prM, E, NS1, NS3, and
NS5) have exhibited greater nucleotide than amino acid
divergence [72]. The virulence of flaviviruses has often
been associated with E protein glycosylation [50] and
glycosylation of the NS1 protein [88]. One possible viral
factor of virulence is the presence of specific N-linked
glycans on the E protein, correlating thus with the ability
to invade the CNS [43, 50, 89]. All strains analyzed ex-
hibited classical markers of neurovirulence previously
described, which is consistent with the fact that all of
our strains are able to invade the brain. Nevertheless, we
identified specific mutations in EU2 strain (NS1: E36G,
R57X, L85, NS2A: 108 T, NS4B: 133S, K349R, T325X,
NS5: 551, E835D). The discovery of amino acid substitu-
tion in the RdRp domain of the NS5 protein (E3425D/
E835D-NS5) in both EU2 strains is particularly interest-
ing, as this substitution is not seen in the other strains
from other lineages. In addition, by analyzing other EU2
sequences available online, we found this mutation in
14/15 isolates (except for JF 266698). This suggests that
this substitution could be a characteristic mutation of
EU2 lineage. For instance, this aa change was also found
in WNV and in other neurovirulent flaviviruses (JEV,
Kunjin virus (KUNV), and Murray Valley encephalitis
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virus (MVEV)) and have been suggested to be related
with viral neuroinvasiveness [21]. Furthermore, substitu-
tions in virtually equivalent positions were associated
with variation in the capacity of WNV to invade the
CNS [21] and an E to D substitution in the NS5 protein
of TBEV affects the virulence in mice underlying the
contribution of viral RdRp to flavivirus neurovirulence
[90]. This mutation was previously described in an EU2
strain isolated from a patient with neuroinvasive disease
and was suggested to impact the efficiency of viral repli-
cation and virulence which our results seem to corrobor-
ate. Indeed, NS5 protein may have an effect on the
efficiency of viral replication as its codes for the RNA-
dependent RNA polymerase involved in the replication
complex [21]. Association of these several mutations
with virulence remains to be elucidated. For this, reverse
genetic systems will be helpful to allow the identification
of the molecular and cellular mechanisms involved in
USUYV pathogenicity.

There is a strong probability that the strains used in
this study were not derived due to extensive passaging
(no more than 5 passages for all strains), so altogether
our data indicate that there are intrinsic differences in
the pathogenicity/virulence of USUV isolates in vivo and
in vitro as previously described for other flaviviruses,
such as ZIKV and WNV [41, 42]. Recent studies in ro-
dents [91], immunocompetent mice [92], and chicken
embryos [93] also demonstrate different results depend-
ing on the strain used. Is should be noted that no differ-
ence of mortality was reported in chicken embryos
infected with several USUV strains [93]. This difference
can be related to many factors (such as inoculation sites,
number of viral passages, difference in models (birds
versus mammals, embryos versus neonatal animals...).
For this reason, it is important to investigate whether
the differences in virulence observed in our models have
clinical relevance. As reported in the literature, neuro-
logical complications are mainly described after infection
with an EU2 strain, which is also a lineage frequently
circulating in the south of Europe. It can consequently
be hypothesized that the USUV EU2 lineage, character-
ized by a higher infection and viral production, longer
persistence, and induction of an atypical CPE, could be
more pathogenic for humans and/or birds and likely bet-
ter adapted to the vector hosts.

Conclusion

In conclusion, our study on the pathogenic properties of
USUV strains circulating in Europe contributes to a bet-
ter understanding of USUV pathogenesis. To define the
host and viral factors involved in pathogenesis, the nat-
urally occurring diversity in virulence among viral strains
provides a robust model system. Monitoring the global
diversity and distribution of circulating USUV strains, as
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well as characterizing their neurotropism, will aid in the
threat assessment and epidemiological modeling if future
USUV outbreaks occur.
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