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barrier in vitro by direct infection with no deleterious effects
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ABSTRACT Rift Valley fever (RVF) is a zoonotic arboviral disease that causes recurrent
epidemics in Africa that may trigger fatal neurological disorders. However, the mech-
anisms of neuroinvasion by which the RVF virus (RVFV) reaches the human central
nervous system (CNS) remain poorly characterized. In particular, it is not clear how
RVFV is able to cross the human blood-brain barrier (hBBB), which is a neurovascular
endothelium that protects the brain by regulating brain and blood exchanges. To explore
these mechanisms, we used an in vitro hBBB model to mimic in vivo hBBB selectiveness
and apicobasal polarity. Our results highlight the ability of RVFV to cross the hBBB by
direct infection in a non-structural protein S (NSs)-independent but strain-dependent
manner, leading to astrocyte and pericyte infections. Interestingly, RVFV infection did not
induce hBBB disruption and was associated with progressive elimination of infected cells
with no impairment of the tight junction protein scaffold and barrier function. Our work
also shows that NSs, a well described RVFV virulence factor, limited the establishment
of the hBBB-induced innate immune response and subsequent lymphocyte recruitment.
These results provide in vitro confirmation of the ability of RVFV to reach human CNS
by direct infection of the hBBB without altering its barrier function, and provide new
directions to explore human RVFV neurovirulence and neuroinvasion mechanisms.

IMPORTANCE The RVF virus (RVFV) is capable of infecting humans and inducing severe
and fatal neurological disorders. Neuropathogenesis and human central nervous system
(CNS) invasion mechanisms of RVFV are still unknown, with only historical studies of
autopsy data from fatal human cases in the 1980s and exploration studies in rodent
models. One of the gaps in understanding RVFV human pathogenesis is how RVFV is able
to cross the blood-brain barrier (BBB) in order to reach the human CNS. For the first time,
we show that RVFV is able to directly infect cells of the human BBB in vitro to release
viral particles into the human CNS, a well-characterized neuroinvasion mechanism of
pathogens. Furthermore, we demonstrate strain-dependent variability of this neuroinva-
sion mechanism, identifying possible viral properties that could be explored to prevent
neurological disorders during RVFV outbreaks.

KEYWORDS Rift Valley fever virus, blood brain barrier, neuroinvasion, immune
response, endothelium integrity

he emergence of zoonotic viral infections in recent decades is linked to increased

human activities, global warming, and environmental changes (1, 2). It is therefore
crucial to better understand emerging vector-borne viral diseases by improving our
knowledge of arthropod-borne viruses (arboviruses) and host interactions (1). Neuro-
logical disorders triggered by neurotropic viruses have become a serious burden and
highlight the need for both specific prevention strategies and efficient treatment (3-5).
One of these viral diseases is Rift Valley fever (RVF), first described in Kenya in 1930,
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that is caused by the arbovirus Rift Valley fever virus (RVFV) (6). RVFV is a tripartite
and negative single-stranded RNA virus of the Bunyaviricetes class and belongs to
Phlebovirus riftense species (7-9). RVFV has high dissemination capacities, with reports
of alarming, re-occurring, and ongoing epidemics in endemic countries in Africa, the
South West Indian Ocean region, and the Arabian peninsula (9-12). RVFV epidemics
are a serious threat to both animal and human health (8, 9, 13). However, despite the
increased risk of emergence of RVF at a global scale, there are still no commercially
available vaccines or specific antiviral treatment for RVFV infection in humans (14).
Consequently, RVFV is rated as Class A bioterrorism agent by US Centers for Diseases
Control and Prevention (CDC), and the World Health Organization (WHO) classified
RVFV on the Blueprint list of “Pathogens prioritization” as a prototype pathogen with
pandemic potential that represents a public health emergency of international concern.

Human pathogenesis of RVFV is still poorly understood, with numerous questions
remaining unanswered. RVFV is transmitted from infected livestock to humans either by
direct contact through aerosolized particles or via mosquito bites (9, 15, 16). The human
mortality rate from RVFV infection ranges from 0.5% to 2% but has reached higher
rates in some epidemics (9, 17, 18). Clinical manifestations of RVF in humans range
from flu-like symptoms to less common but severe clinical manifestations associated
with higher mortality (17-19). These severe manifestations take four main forms: acute
hepatitis, hemorrhagic fever, ocular diseases, and neurological disorders (17, 18). Poorly
characterized in humans, neurological disorders have a variable prevalence (<1% to
21%) and are mainly characterized by a delayed meningoencephalitis occurring from 1
to 4 weeks post-infection, with up to 50% mortality and potentially definitive neurolog-
ical sequalae (17-19). Associated with severe neurological symptoms (e.g., convulsion,
hallucination or coma), human brain damage is poorly described in the literature, but has
been reported to involve tissue necrosis with lymphocyte and macrophage infiltration,
lymphocytic pleocytosis in the cerebrospinal fluid and perivascular cuffing (16-18, 20—
22).

RVFV neuropathogenesis has been studied using several rodent and non-human
primate (NHP) models, but the question of how RVFV is able to reach the central nervous
system (CNS) remains unclear (17, 23-26). In rodents, it was recently demonstrated that
after infection by aerosolization of viral particles, RVFV was able to reach the CNS by
infection of the olfactory epithelium, across the cribriform plate that protects olfactory
receptor neurons (27). CNS infection in rodents is characterized by (i) massive viral
replication, (ii) late breakdown of the blood-brain barrier (BBB), and (iii) late immune
response associated with infiltration of leukocytes. Immune response and leukocytes are
needed for viral clearance of RVFV, but may worsen damage to brain tissue associated
with severe encephalitis (28-33). In NHPs showing clinical signs of encephalitis after
RVFV infection, infection of neurons in the brain was also confirmed by histological
examinations of brain tissue, although neuroinvasion mechanisms were not explored
(23). Similar to animal models, the neuroinvasion mechanisms used by RVFV to reach the
human CNS remain unknown (25, 26, 34).

Given the crucial roles the CNS plays in global homeostasis, it is immuno-privileged
and isolated from physiological changes, toxins, and pathogens by the presence of
several cell barriers that regulate exchanges between the CNS and other compartments
of the body (35-37). The neurovascular unit (NVU) is one of these barriers that regu-
late exchanges between the blood and the CNS (37). The NVU is a complex organiza-
tion of different cell types: supporting cells (astrocytes, pericytes, and microglia) help
and regulate the neurovascular endothelium, more commonly named the blood-brain
barrier (BBB) (36, 37). Human BBB (hBBB) is composed of specific endothelial cells, the
human brain microvascular endothelial cells (hBMECs), forming a poorly permeable
vascular endothelium with specific characteristics: (i) an apicobasal polarity associated
with specific cell transporters able to regulate exchanges between the bloodstream and
the brain and (ii) highly expressed specific tight junction (TJ) proteins between cells to
ensure that the endothelium is poorly permeable and that paracellular spaces are sealed
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(35-38). One of these TJ proteins is the cytoplasmic TJ-associated zonula occludens-1
(ZO-1), whose role is to organize transmembrane TJ proteins in an intercellular scaffold
(35). Disruption of ZO-1 leads to breakdown of the BBB and neurological disorders (35).
Pathogens may use different routes to reach the CNS and cross the BBB: (i) the axonal
transport following infection of synapses or axons from the peripheral nerve or from the
olfactory tract, or (ii) the hematogenous routes (39, 40). This last mechanism includes
different ways of crossing the BBB from the blood compartment and of releasing viral
particles into the CNS, these ways include direct BMEC infection, para- or transcellular
diffusion, or Trojan horse mechanism by infection of immune cells that are naturally able
to transmigrate through the BBB (39, 40).

Mechanisms used by RVFV during viremia to cross the human BBB have not been
characterized to date (26). To explore RVFV neuroinvasion mechanisms, we used an in
vitro human BBB model composed of human endothelial cells (hEC) differentiated into
human brain-like endothelial cells (hBLEC) after co-culture with human brain pericytes,
thus mimicking blood (apical) and brain (basal) compartments, as well as in vivo hBBB
selectiveness and specific markers (41-45). Using this model, we first characterized
hBBB permissiveness and integrity following RVFV infection. We also examined the role
in RVFV neuroinvasion of RVFV non-structural protein NSs, a major virulence factor
implicated in numerous viral mechanisms, and in particular, inhibition of cell immune
response (46, 47). Finally, we explored the immune response induced by RVFV-infected
hBBB and the role of astrocytes in hBBB disruption.

RESULTS
RVFYV differentially infects human cell types that make up the hBBB

To characterize RVFV neuroinvasion mechanisms, we decided to explore separately the
permissiveness of each of the cell types composing a human BBB model previously
described in literature (41, 44, 45). As a first approach, we explored the permissiveness of
human endothelial cells (hEC) not yet differentiated into specific endothelial cells of the
hBBB (hBLEC), and human brain pericytes.

Each cell type was infected at a multiplicity of infection (MOI) of 1 using two distinct
RVFV strains (MRU25010-30 and Mayotte 2008). Viral infection was first assessed using
an immunostaining approach: we observed the ability of the two RVFV strains to infect
at 1 day post-infection (dpi) hEC (labeled specifically with the ZO-1 TJ marker) (Fig.
1A) and pericytes (labeled specifically with the PDGFRB marker) (Fig. 1B). At 2 dpi, a
significant difference in the quantification of infected cells was observed between the
two cell types but not between the two RVFV strains for each cell type (Fig. 1C). RVFV
infection was estimated at 2 dpi at 0.8% + 0.4% and 7.9% + 5% for pericytes and
hEC, respectively, with similar rates for MRU25010-30 and Mayotte 2008. This difference
was confirmed when RVFYV titers were determined using the TCID50 method at several
time points post-infection for both RVFV strains and for each cell type (Fig. 1D). In hEC,
MRU25010-30 and Mayotte 2008 RVFV strains displayed a significant replication up to
2 dpi. In accordance with the percentage of infected cells, there was no significant
difference in titers between the two strains. In pericytes, MRU25010-30 and Mayotte
2008 displayed a significant replication up to 2 dpi, but, unlike in hEC, the two strains had
different viral titers at 2 dpi (LM, P < 0.05). Independently of the RVFV strain, there was
a potent and significant difference between titers of each cell type at each time point
post-infection (i.e., from 1 to 3dpi).

These results revealed permissiveness of human endothelial cells and brain pericytes
but significant variability in the cell type-dependent infection rate. Indeed, RVFV infected
hEC more efficiently than pericytes. Moreover, RVFV showed strain-dependent variations
in replication in pericytes but not in hEC.
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FIG 1 RVFV infects and replicates in the endothelial cells and pericytes that make up the human blood brain barrier (BBB) differently. Human primary
endothelial cells (hEC) and human primary pericytes were infected by two distinct RVFV strains (MRU25010-30 and Mayotte 2008) or cell medium only (mock)
at a multiplicity of infection (MOI) of 1. At 24 hpi, the cells were fixed and stained with DAPI (blue, nucleus), an actin probe (white, cytoskeleton), a RVFV-specific
anti-N antibody (red, RVFV), and cell-specific markers (yellow) depending on the type of cell: (A) hEC (ZO-1) and (B) pericytes (PDGFRB). Images were analyzed
using confocal microscopy and are representative of each merged staining per condition. Scale bar, 20 um. (C) From confocal microscopy images representative
of a minimum of two independent experiments, the percentage of RVFV-infected cells for each cell type was analyzed by counting labeled infected cells
compared with the total number of cells at 48 hpi (counting =500 cells per replicate, generalized linear model, P < 0.05). (D) Supernatants of mock- and
RVFV-infected cells (solid line for hEC, dashed line for pericytes) were harvested at different time points post-infection and titrated using the TCDI50 method (red
arrow: removal of inoculum and washing). Results are representative of a minimum of two independent experiments (n = 6/N = 2 for endothelial cells and n =
7,12,12,6/N =3, 4, 4, 2 for pericytes) and are expressed as geometric mean * 95% confidence interval (Cl). Linear model showed significance between titers of
each cell type at the different time points (black, strain-independent) or between titers of two different time points for each strain and each cell type (blue for
Mayotte 2008, orange for MRU25010-30) (*P < 0.05, **P < 0.01, ****P < 0.0001).

RVFV is able to cross the human BBB by direct infection

Despite the description of neurological disorders related to RVFV human infections, the
neuroinvasion mechanisms used by RVFV to reach the brain are still unknown. In order to
study these mechanisms as well as the impact of the cellular differentiation on the RVFV
infection, we differentiated the hECs described before into BBB-specific endothelial cells
by co-cultivation with human brain pericytes. The hEC derived from CD34+ hemato-
poietic cells were then plated on the apical side of transwells and co-incubated with
human brain pericytes that were plated on the other side of the transwell (basal side)
6 days before infection (Fig. 2A), allowing further differentiation of the hEC in human
brain-like endothelial cells (hBLECs). This in vitro human BBB model mimics the blood
compartment (apical) and the brain parenchyma compartment (basal) of brain blood
micro-vessels and displays similar characteristics than in vivo hBBB (low permeability,
specific markers, channels, tight junction proteins, and selectiveness) (43-45). This in vitro
model was extensively used in order to characterize CNS invasion mechanisms by several
viruses (48-52).

The in vitro hBBB model was infected at a MOI of 1 on the apical side to mimic viremia
during infection with both MRU25010-30 and Mayotte 2008 RVFV strains. The suscepti-
bility of the two cell types that comprise mature hBBB (i.e.,, hBLEC and pericytes) was
determined by immunostaining. Using this approach, we showed that each strain was
able to infect hBLEC at 24 hpi (Fig. 2B), but pericytes only at 3 dpi (Fig. 2C), suggesting
that infection of pericytes occurred following infection and crossing of the hBLEC
monolayer by RVFV strains. Determination of the percentage of infected hBLEC showed a
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FIG 2 RVFV can cross the human BBB by direct infection of human brain-like endothelial cells (hBLECs). (A) In vitro model of human BBB consisting of human
endothelial cells plated on the apical side of transwells and differentiated in hBLEC by co-incubation with human brain pericytes plated on the basal side of the
transwell. BBB was infected on the apical side with two RVFV strains (MRU25010-30 and Mayotte 2008) or medium only (mock) at a MOI of 1. After infection,
the cells were fixed and stained with DAPI (blue, nucleus), actin probe (white, cytoskeleton), RVFV-specific anti-N antibody (red, RVFV), and cell markers (yellow)
depending on the cell type: (B) hBLEC (ZO-1) at 1 dpi (day post-infection) and (C) pericytes (PDGFRP) at 1 dpi (top panels) and 3 dpi (bottom panels). Transwells
were analyzed by confocal microscopy and are representative of each merged labeling for each condition. Scale bar, 10 um. (D) Percentage of RVFV-infected
hBLECs were analyzed by counting labeled infected cells compared with the total number of cells at 16 hpi (hours post-infection) and 2 dpi (counting >1,000
cells, generalized linear model (GLM): *P < 0.05, ****P < 0.0001). (E) Supernatants of RVFV- and mock-infected BBB (solid line: apical supernatants, dashed line:
basal supernatants) were harvested at different time points post-infection and titrated using the TCDI50 method (red arrow: removal of inoculum and washing).
Results are representative of at least two independent experiments (1 =6, 6,9,6,9,9/N =2, 2, 3, 2, 3, 3) and are expressed as geometric mean + 95% confidence
interval (Cl). GLM for each compartment independently shows significant difference in the apical compartment (*) or in the basal compartment (#) between titers
of each strain at the different time points (black) or between titers of a time point with the previous time points for each strain (blue for Mayotte 2008, orange for
MRU25010-30: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

much lower percentage of infected cells than in hEC in monoculture conditions (Fig. 2D).
At early time post-infection (i.e., 16hpi), 4% * 1.5% cells were infected by Mayotte 2008,
and 1.6% =+ 0.7% cells were infected by MRU25010-30. This infection rate remained stable
for MRU25010-30 at 2 dpi but was lower for Mayotte 2008 (0.4% + 0.3%).

Despite the lower percentage of RVFV-infected hBLEC compared with hEC, we
showed an efficient replication of RVFV in hBLEC. RVFV titers, determined by the TCID50
method at different time points post-infection in both strains and in both compartments,
reached similar titers as described in other types of cells known to be permissive to
RVFV infection, such as astrocytes and liver cell lines (Fig. 2E) (47, 53). The RVFV strain
MRU25010-30 showed a potent and significant replication at the apical side the first day
post-infection and kept on replicating up to 3 dpi. The RVFV strain Mayotte 2008 showed
a weaker but nevertheless significant replication up to 2 dpi. There was a significant
difference between the titers of the two strains at 1 and 3 dpi, but this difference
was no longer significant at 7 dpi (Fig. 2E). Significantly, the RVFV strain MRU25010-30
crossed from apical to basal compartments during the first 24 hpi, whereas the RVFV
strain Mayotte 2008 crossed from the apical to the basal side later, only detected at 2
dpi and kept on increasing until 7 dpi, in line with its lower apical replication. In the
basal compartment, there was a significant difference between the two RVFV strain titers
between 1 and 3 dpi, but this difference was no longer significant at 7dpi (Fig. 2E).

These results highlighted the ability of RVFV to infect hBLEC and cross the BBB,
illustrated by efficient RVFV replication, consistent with a mechanism of neuroinvasion
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through direct infection of the hBBB. Independently of the RVFV strain, there was a
significant correlation between apical and basal titers (Spearman test, r = 0.841, P <
0.0001, n = 90/N = 3) as well as between the increase in the apical titers and in the basal
titers up to 3 dpi (Pearson test, r = 0.707, P < 0.05, n = 8/N = 3). These correlations suggest
a crucial role of RVFV replication for neuroinvasion. However, viral kinetics during hBBB
infection and neuroinvasion in vitro seemed to be strain-dependent.

Maintenance of hBBB integrity during RVFV infection

After assessing hBBB permissiveness to RVFV infection, we explored the impact of RVFV
infection on hBBB integrity and barrier function, since RVFV is a well-characterized lytic
virus. To this end, we infected the human in vitro BBB model at a MOI of 1 with the two
RVFV strains MRU25010-30 and Mayotte 2008, and at 2 dpi, performed immunostaining
of TJ protein ZO-1 on large fields of the hBBB in RVFV and mock-infection conditions
(Fig. 3A). First, we observed the maintenance of tight junction protein scaffolds, more
specifically through the location of the TJ protein ZO-1 in the cell membrane, which is
widely considered to be a crucial determinant of BBB maintenance (35). Independently
of the RVFV strain, this qualitative approach demonstrated that RVFV infection of hBLEC
did not alter ZO-1 expression or location compared to mock conditions. More precisely,
RVFV-infected cells expressed ZO-1 at cell junctions, suggesting that infected cells were
still associated with intact TJ proteins at this stage and that RVFV infection of hBLEC
did not lead to hBBB disruption. Furthermore, we quantified the expression of mRNA
encoding several TJ proteins in hBLEC infected with RVFV for 48 h by RT-qPCR (Fig.
3B). Consistent with our previous observations, we did not detect any upregulation
(fold-change >2) or downregulation (fold-change <-2) in RVFV-infected hBLEC of the
three TJ protein transcripts tested: Claudin-5 (CLDN5), Occludin (OCLN), and ZO-1 (TJP1).
This result suggests that RVFV infection had no effect on TJ gene expression. To further
confirm this observation, we quantified transcellular hBBB permeability at different time
points during infection. To this end, we used a Lucifer Yellow assay to determine a
coefficient of permeability (Pe) (Fig. 3C). As described in the literature, a Pe <1 X
107 cm/min corresponds to an impermeable or “tight” BBB (43, 54). Compared with
mock-treated hBBB, each strain did not induce significant impairment of hBBB permea-
bility at each time point analyzed, not even at 7dpi.

Taken together, these results suggest that RVFV is able to cross the human BBB by
direct hBLEC infection without disrupting TJ scaffolds and with no deleterious effects on
hBBB barrier integrity.

Infection of hBBB by RVFV leads to the elimination of infected cells from the
hBLEC monolayer

Because of the low percentage of RVFV-infected hBLEC compared with hEC and the
maintenance of hBBB integrity despite RVFV infection, we decided to explore the fate of
infected cells. Using immunostaining, we observed gradual elimination of RVFV-infected
cells from the hBLEC monolayer (Fig. 4A). Infected hBLEC became progressively rounder
and higher on the Z-axis compared with adjacent uninfected cells. We observed that
higher cells were smaller, and their expression of ZO-1 decreased (Fig. 4B). Nevertheless,
despite infection, cells kept expressing ZO-1, corroborating our previous results. We
confirmed this observation by 3D quantitative microscopy after labeling cells with anti-
GAPDH (cell cytoplasm staining), anti-RVFV, and anti-ZO1 antibodies. Indeed, by
measuring the height on the Z-axis (|DeltaZ|), RVFV fluorescence (RVFV intensity ratio,
Fig. 4C) and cell volume for RVFV- and mock-infected cells, we first showed that RVFV-
infected cells were significantly higher than mock-infected cells (Fig. 4D). We highlighted
a significant and positive correlation between cell height and RVFV fluorescence
(Spearman test, r = 0.217, n = 126/N = 4, P = 0.0144) (Fig. 4E). Our data confirmed a
significant and negative correlation between RVFV fluorescence and cell volume
(Spearman test, r = —0.234, n = 126 N = 4, P < 0.01), as well as between the volume of
infected cells and their height (Spearman test, r = —0.321, n = 52/N = 4, P < 0.01). To
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FIG 3 RVFV infection of human BBB did not impair tight junction protein scaffolds and barrier integrity. Human BLECs were infected on the apical side of the
transwell with two distinct strains of RVFV (MRU25010-30 and Mayotte 2008) or medium only (mock), MOI 1. (A) At 2 days post-infection, the cells were fixed
and stained with DAPI (blue, nucleus), RVFV-specific anti-N antibody (red, RVFV) and anti-tight junction (TJ) protein ZO-1 (yellow). Transwells were analyzed
by confocal microscopy, and images are representative of each labeling merged for each condition. Dashed squares correspond to a zoom on the region of
interest. Scale bar, 100 um. (B) Expression of TJ proteins in RVFV-infected hBLEC (MRU25010-30 and Mayotte 2008, MOI 1) at 48 hpi was assayed by measuring
gene mRNA expression with RT-qPCR using the fold-change method standardized with the housekeeping gene HPRT1. Genes were considered as upregulated
with a fold-change >2 or downregulated with a fold-change <-2 (one-way ANOVA on Delta Ct values with Tukey correction, n = 6/N = 2). (C) The permeability
coefficient (Pe) was measured using the Lucifer Yellow transport assay for mock and RVFV-infected BBB at different time points during infection. Treatment
with 10% DMSO for 30 min corresponds to the positive control of this assay (impaired integrity) and Pe <1 x 10~ cm/min (green dashed line) corresponds
to an impermeable/tight BBB. Results are expressed as mean + 95% confidence interval (Cl) and a Mann-Whitney test between DMSO control and mock at
TO validated the assay (n = 6/N = 2, **P < 0.01). Generalized linear model (GLM) was used to test significance between Pe of BBB infected by each strain and
compared with mock controls at the different time points (n = 6/N = 2).

assess whether RVFV hBLEC infection led to cell mortality, we measured LDH activity, a
well-known cytoplasmic enzyme marker of cytotoxicity, in apical supernatants at several
time points post-infection. Using this approach, we showed that the percentage of
cytotoxicity became significantly higher from 3 dpi in RVFV-infected conditions com-
pared with mock-infected hBLEC (Fig. 4F).

Although these results suggest that hBLEC RVFV infection leads to moderate cell
mortality, it seems that the hBBB maintains its integrity during RVFV infection by
gradually eliminating infected cells from the monolayer without disrupting cell junctions,
thereby corroborating maintenance of the endothelium during infection.

Cell-dependent and polarized modulation of the RVFV-induced immune
response by hBBB

As mentioned above, we observed that RVFV infection at the apical side reached
a plateau at 3 dpi, suggesting control of viral replication by the hBBB. To test this
hypothesis, we explored the hBBB innate immune response induced by RVFV infection
with MRU25010-30 and Mayotte 2008 at MOI of 1. We measured mRNA expression
of different genes implicated in the modulation of the innate immune response and
cell viability in hBLEC and human pericytes. At 48 hpi, the mRNA extracted from
each type of cell was quantified by RT-qPCR (Fig. 5A). Only hBLEC mRNA showed
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FIG 4 RVFV-infected hBLECs were gradually eliminated from the endothelial monolayer. In order to explore impact of RVFV on hBLEC viability and elimination,
the BBB model was infected on the apical side with RVFV or medium only (mock), MOI 1. (A) At 16 hpi and 1 dpi, cells were fixed and stained with DAPI (blue,
nucleus), RVFV-specific anti-N antibody (red, RVFV), anti-GAPDH (not represented), and anti-tight junction (TJ) protein antibody (yellow, ZO-1). Images were
acquired using confocal microscopy and are representative of each staining merged for each condition (3D Viewer, ImageJ software). For each image, the top
panel corresponds to the view on the Z-axis, the associated bottom panel to the view on the Y-axis. White arrows indicate different states of infected cells
numbered by their infectious state according to the RVFV intensity ratio (mean of RVFV labelling fluorescence/volume): early (1) to late infected cells (5). Scale
bar, 20 um. (B) For the cells numbered 1 to 5, RVFV intensity ratio, cell volume (um®), absolute values of cell height compared with the mean of uninfected cell
height of the layer (|DeltaZ|) and fluorescence intensity corresponding to ZO-1 labeling were obtained using Imaris software. For each condition, RVFV- and
mock-infected cells analyzed by confocal microscopy and Imaris software (n = 52/N = 4 and n = 74/N = 2, respectively), (C) RVFV intensity ratios were determined
for each cell. Ratios are represented as mean + 95% confidence interval (Cl) (Mann-Whitney, P-value: ****P < 0.0001). (D) |DeltaZ| were determined for each cell
and are represented as mean + 95% Cl (Cl) (Mann-Whitney, **P < 0.01). (E) For each cell, |DeltaZ|, cell volume (um), and RVFV intensity ratio were represented,
and correlation between |DeltaZ| and RVFV intensity ratio values were confirmed by Spearman test (r = 0.217, n = 126/N = 4, P < 0.05). (F) To explore cytotoxicity
of hBLEC during RVFV infection, LDH activity was measured in the apical supernatant after several days post-infection (dpi) and is expressed as percentage of
cytotoxicity. Significance between RVFV and mock control were analyzed by two-way ANOVA model (n = 6/N = 2 for mock-infected cells and n = 12/N = 2 for
RVFV-infected cells, *P < 0.05)

moderate upregulation of several genes implicated in the innate immune response: type
| interferon (IFNB, ISG15) and inflammatory response (CCL5, CXCL10, CXCL11, and TNFA).
However, we did not observe any upregulation of IFNA or gene involved in the type
Il interferon response (IFNG). Confirming published work on BBB antiviral activity (55),
we observed an upregulation of mMRNA encoding type lll interferons (IFNLT, IFNL2/3) for
both strains. Consistent with our previous results, there was no change in expression of
apoptosis-associated genes (CASP3, CASP9) or of genes implicated in the disruption of
the BBB structure, such as matrix metalloproteases (MMPs: MMP2/MMP9). Moreover, we
detected no significant changes in the expression of selected genes in pericytes (at the
basal side of the hBBB) at 2 dpi. There was a significant difference in gene expression
between the two RVFV strains in hBLEC: only MRU25010-30 induced upregulation of IL6
MRNA expression, and a significantly greater increase in IFNL1 and CXCL10 expression
(P < 0.05). To confirm the absence of innate immune response in pericytes upon RVFV
infection of the hBBB, we repeated the experiment at 1 dpi on monocultures (Fig. 5B).
Only weak upregulation of IFNLT mRNA expression was observed after infection of
pericytes by both RVFV strains. In addition, IFNA2 and IFNB were upregulated only when
cells were infected by the RVFV MRU25010-30 strain. Finally, there was no upregulation
of ISG15, suggesting that IFN response was not triggered.
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Because of the role of RVFV NSs protein in the inhibition of mRNA nuclear export,
we also explored the immune response induced by RVFV infection at the protein level.
We observed significant upregulation in the apical compartment of some cytokines
and chemokines, including proteins upregulated at the mRNA level, e.g., CCL5, CXCL9,
CXCL10, and CXCL11 (Fig. 5C). However, at 2 dpi, we did not detect any significant
upregulation of IFN-B1 or IFN-AT at the protein level, despite the upregulation at the
mMRNA level. Nevertheless, the upregulation of CXCL10 (at the protein level) or ISGT15
mRNA, both of which are induced by type | interferon, indirectly demonstrated the
efficient establishment of the IFN response upon infection. Interestingly, there was
no significant strain-dependent difference in the upregulation at the protein level,
suggesting that despite a different level of mRNA upregulation, immune response was
induced at the same level in the two RVFV strains. We did not detect any change at
the protein level in the basal compartment, thereby confirming the absence of innate
immune response elicited by pericytes at the basal side at 48 hpi. We further investigated
this absence in monoculture pericytes infected with RVFV and observed no significant
modulation of cytokine and chemokine expression (Fig. 5D).

Pericytes
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FIG 5 hBLEC but not pericytes induced a moderate type | interferon response after RVFV infection. Immune response induced by RVFV-infected human BBB
(MRU25010-30 and Mayotte 2008, MOI 1, hBLEC, and pericytes on transwells) at 48 h post-infection (hpi) (A) or immune response induced by RVFV-infected
pericytes in monoculture (MRU25010-30 and Mayotte 2008, MOI 1) after 24 hpi (B) was assayed by measuring gene mRNA expression with RT-qPCR using the

fold-change method standardized on the housekeeping gene HPRTT (upregulated in green; downregulated in purple). All upregulated or downregulated genes

compared with mock expression have a P < 0.05 (For each gene, one-way ANOVA or Kruskal-Wallis on Delta Ct values for each compartment independently, n =
6/N = 2) or are hatched when not-significant). Cytokines secreted in RVFV-infected BBB supernatants (VRU25010-30 and Mayotte 2008, MOI 1, apical and basal)
(C) or in RVFV-infected pericyte supernatants in monoculture (MRU25010-30 and Mayotte 2008, MOI 1) (D) at 48 hpi were measured using FACS multiplex assays

and compared to mock concentrations. Results are expressed as protein levels with the ratio of mean protein concentration in infected conditions to that in

mock conditions (upregulated in green; downregulated in red). Modifications of protein expression represented on the heatmap have a P < 0.05 or are hatched

when not-significant (for each protein, one-way ANOVA or Kruskal-Wallis on protein concentration values for each compartment independently, n = 6/N = 2).
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These results demonstrated a moderately polarized strain-dependent innate immune
response on the apical side of the hBBB, mediated solely by hBLEC.

Neuroinvasion of RVFV is NSs-independent, although NSs is required for the
control of RVFV-induced hBBB immune response

To explore the potential role of the major RVFV virulence factor NSs in neuroinvasion
mechanisms, and notably in hBBB infection and crossing, we used the Clone 13 RVFV
strain, a naturally NSs-deleted strain (56). We infected the in vitro human hBBB model on
the apical side with a MOI of 1 and quantified the viral titers at several post-infection
time points (Fig. 6A). Interestingly, Clone 13 was able to infect hBLEC, had a significant
replication, and crossed the hBLEC monolayer in the first 24 hpi, as illustrated by a
significant increase in viral titers in the apical and basal compartments. Unlike other
strains, replication of Clone 13 appeared to be controlled after 1 dpi as there was no
significant difference between titers at day 1, 2, or 3 post-infection in both basal and
apical compartments. Despite the lack of a major virulence factor, Clone 13 replica-
ted more efficiently than Mayotte 2008 and as efficiently as the most virulent strain,
MRU25010-30. Indeed, at 1 dpi, there was a significant difference between viral titers of
Clone 13 and Mayotte 2008, but no difference between Clone 13 and MRU25010-30.
Moreover, in the same way as with MRU25010-30 and Mayotte 2008 RVFV strains,
infection of hBLECs with Clone 13 did not disrupt hBBB integrity (Fig. 6B). To understand
why Clone 13 replication reached a plateau as early as 1 dpi, we evaluated hBBB innate
immune response at 2 dpi at the protein level (Fig. 6C). We showed that Clone 13
induced a stronger inflammation than MRU25010-30 and Mayotte 2008, potentially
inhibiting Clone 13 replication. Only Clone 13 induced upregulation of CCL2 expression
in the apical compartment, as well as stronger and significant upregulation of CCL5,
CXCL9, CXCL10, and CXCL11 than MRU25010-30 and Mayotte 2008 (Kruskal-Wallis test,
P < 0.05). Moreover, only Clone 13 induced upregulation of these cytokines in the basal
compartment. Thus, it seems that the lack of NSs induced a stronger innate immune
response, and unlike virulent viruses, in both compartments. Furthermore, we explored
the role of this innate immune response in leukocyte recruitment at the hBBB, which is
an important feature of neuroinflammation during RVFV encephalitis (29). To do so, we
co-incubated harvested apical supernatant of 2 dpi RVFV- or mock-infected hBBB with
human primary lymphocytes overnight, and then co-incubated the lymphocytes with
the corresponding RVFV- or mock-infected hBBB. After 45 min of co-incubation, the cells
were washed, and the number of adherent lymphocytes was quantified (Fig. 6D and E).
Using this experimental approach, we were able to show that RVFV infection increased
lymphocyte adhesion to the hBBB by a factor of 2, but only in the case of the NSs-deleted
strain Clone 13.

Taken together, these results suggest that RVFV NSs virulence factor is not crucial
for neuroinvasion by direct infection but produces a stronger innate immune response,
limiting RVFV replication and potentially enhancing neuroinflammation (cytokine/che-
mokine expression and leukocyte recruitment). Thus, by limiting the establishment of
the innate immune response, NSs might be necessary for efficient replication of RVFV in
the brain after crossing the hBBB.

Infection of hBBB triggers human astrocyte infection but without disrupting
BBB integrity

Regulation of BBB integrity is mediated in vivo by a complex interplay of NVU cells, in
particular by human astrocytes, major CNS glial cells that have already been described as
permissive to RVFV infection in vitro (47). To explore whether RVFV crossing the hBBB can
infect astrocytes and whether the infection can then lead to hBBB disruption, we used
an in vitro triculture hBBB model with the same culture conditions and viral infection as
the previous coculture hBBB model. (Fig. 7A) (41, 57). After 6 days of co-culture, hBBB
transwells were transferred on 12-well plates containing human primary astrocytes. To
explore whether RVFV can cross hBBB and infect human astrocytes in the compartment
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FIG 6 The lack of virulence factor NSs did not impair RVFV neuroinvasion but induced a strong immune response by blood-brain barrier (BBB). In order to
explore the ability of Clone 13, a naturally NSs-deleted RVFV strain, to reach the brain (basal) from the blood (apical) compartment by crossing BBB, we infected
the BBB model on the apical side with three RVFV strains (MRU25010-30, Mayotte 2008, and Clone 13) or medium only (mock), MOI 1. (A) Supernatants of mock-
and RVFV-infected BBB (solid line: apical supernatants, dashed line: basal supernatants) were harvested at different time points post-infection and titrated using
the TCDI50 method (red arrow: removal of inoculum and washing). Results are expressed as geometric mean + 95% confidence interval (Cl) (n = 6,9,6,9/N =
2,3,2,3 for MRU25010-30 and Mayotte 2008, also presented in Fig. 2E, and n = 6/N = 2 for Clone 13). Generalized linear model (GLM) for each compartment
independently showed the significance of others strains in the apical (*) or basal compartment (#) compared with titers of Clone 13 at different time points
(black) or between Clone 13 titers a time point with the previous time point (magenta, ****P < 0.0001). (B) The permeability coefficient (Pe) was measured using
the Lucifer Yellow transport assay for mock and Clone 13-infected BBB at different time points post-infection. Results are expressed as mean + 95% confidence
interval (Cl). Pe <1 x 10~° cm/min (green dashed line) corresponds to an impermeable/tight BBB. Treatment with 10% DMSO for 30 min corresponds to the
positive control of this assay (impaired integrity, Mann-Whitney test, n = 6/N = 2, **P < 0.01). GLM test significance between Pe of BBB infected by each strain
compared with the mock control at the different time points (n = 6/N = 2, with the exception of Clone 13 at 3 dpi n = 5/N = 2). (C) Cytokines secreted in
RVFV-infected BBB supernatant (apical and basal) at 48 h post-infection (hpi) were measured using FACS multiplex assays and compared with mock. Results are
expressed as protein levels by a ratio of mean protein concentration in infected conditions to that in mock condition (upregulation in green, downregulation in
red). Modifications of protein expression represented on the heatmap have a P < 0.05 or are hatched when non-significant (for each protein, one-way ANOVA
or Kruskal-Wallis on protein concentration values for each compartment independently, n = 6/N = 2 for infected conditions and n = 12/N = 4 for mock).
Data presented for MRU25010-30 and Mayotte 2008 are also presented in Fig. 5C. (D) At 48 hpi, apical supernatants of RVFV-infected BBB were harvested and
co-incubated overnight with human primary T cells. T cells were then CFSE-labeled (green), incubated in the same infected BBB at the apical side and analyzed
by acquisition of panoramas of 20 fields with tile modules. Scale bar, 100 pm. (E) Adherent CFSE-labeled cells were counted for each condition and fold-change
of adherent T cell compared with mock was determined for each condition by dividing the number of cells by the mean of number of cells in the mock condition
(one-way ANOVA, n=6/N =2,**P < 0.01)

at the bottom of the 12-well plates, we performed apical infection of hBLEC at MOI of
1 with RVFV strains MRU25010-30 and Mayotte 2008. Additionally, to directly explore
whether RVFV infection of astrocytes can lead to hBBB disruption, we performed basal
infection of astrocytes at MOI of 0.1. As expected, basal infection of astrocytes led
to a stronger infection of these cells: at 6 dpi and compared with mock and apical
infections of hBLEC, MRU25010-30 and Mayotte 2008 appeared to induce a stronger cell
toxicity (Fig. 7B). Compared with other conditions, only basal RVFV infection at 6 dpi
induced cell shrinkage and rounding. This observation was confirmed by quantifying
viral RNA by RT-qPCR in infected astrocytes (Fig. 7C), when the amount of viral RNA was
indeed significantly higher in astrocytes directly infected in the basal compartment at 3
dpi. Moreover, the peak of infection (approximatively 10” Eq. TCID50/mL) was reached
at 3 dpi for astrocytes infected directly in the basal compartment, and there was no
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FIG 7 Infection of the blood-brain barrier (BBB) by RVFV led to infection of astrocytes but without disruption of BBB integrity. (A) In order to explore the
influence of astrocytes on BBB maintenance during RVFV infection, we used a triculture model: hBBB model (i.e., hBLEC and pericytes) and human astrocytes
on the bottom of the well. Infection was performed on the apical side, MOI 1 (1) or on the basal side, MOI 0.1 (2). (B) At 6 days post-infection (dpi) with two
different RVFV strains (MRU25010-30 and Mayotte 2008) on the apical side (left) or on the basal side (right), images of astrocytes were acquired by phase-contrast
microscopy. Scale bar, 100 um. (C) From total extracted RNA of RVFV-infected astrocytes after infection of BBB triculture (3 or 6 dpi) on the apical side (clear)
or on the basal side (dark), viral titers expressed as the geometric mean of equivalent TCID50/mL (Eq. TCID50/mL) were determined by RTqPCR (generalized
linear model, n = 6/N = 2, ****P < 0.0001). (D) At 6 dpi, the permeability coefficient (Pe) was measured using the Lucifer Yellow transport assay for mock and
RVFV-infected BBB triculture. Results are expressed as mean + 95% confidence interval (Cl), and Pe <1 x 10~ cm/min (green dashed line) corresponds to an
impermeable/tight BBB. Treatment with 10% DMSO for 30 min corresponds to the positive control of this assay (impaired integrity, Mann-Whitney test, n = 6/N
=2, **P < 0.01). Generalized linear model test significance between pe of BBB infected by each strain compared with the mock control at different time points
(n = 6/N = 2). (E) Cytokines secreted in RVFV-infected BBB triculture supernatant at 6 dpi at apical infection (1, MOI of 1) or basal infection (2, MOI of 0.1) by
two distinct RVFV strains (MRU25010-30 and Mayotte 2008) were measured using FACS multiplex assays and compared with the mock concentration. Results are
expressed as protein levels with a ratio of mean protein concentration in infected conditions to that in the mock condition (upregulation in green). Modifications
of protein expression represented on the heatmap have a P < 0.05 or are hatched when non-significant (for each protein, one-way ANOVA or Kruskal-Wallis on
protein concentration values for each compartment independently).

significant difference in viral RNA quantification in the two strains between 3 and 6
dpi. However, following apical infection of hBLEC, infected astrocytes in hBBB triculture
showed a significant increase in viral quantification in both strains between 3 and 6 dpi:
MRU25010-30 increased from 10*° to 10%' Eq. TCID50/mL and Mayotte 2008 increased
from 10'2 to 10%* Eq. TCID50/mL. This delay at 3 dpi between the two routes of infection
suggests that RVFV reached astrocytes later when infection is carried out on the apical
side of hBLEC. At 6 dpi, there was no longer any significant difference between viral
quantification of the two strains or between the two types of infection. These results
suggest that infection of astrocytes occurred after infection and crossing of the hBBB by
RVFV. Analysis of hBBB integrity by calculating the Pe coefficient showed that despite
apical infection of hBLEC or direct basal infection of astrocytes, there was no disruption
of RVFV-infected triculture hBBB compared with mock-infected triculture hBBB (Fig. 7C).
To explore whether inflammatory signals in hBBB triculture can be modulated by the
presence of astrocytes, we quantified several cytokines implicated in the inflammatory
response at the protein level at 6 dpi in each strain and with each type of infection
(Fig. 7E). Following the apical infection of hBLEC with both RVFV strains, we observed
upregulation of three inflammatory cytokines, ie, CCL5, CXCL9, and CXCL10, in the
apical compartment. In contrast to the astrocyte-free hBBB culture, we also observed
moderate upregulation of CXCL9 and CXCL10 in the basal compartment at 2 dpi.
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In comparison, when astrocytes were directly infected in the basal compartment, we
observed weaker upregulation of the CCL5, CXCL9, and CXCL10 cytokines. CXCL10 was
upregulated in the basal compartment in both strains, but only MRU25010-30 induced
the upregulation of CXCL9 expression. There was only weak upregulation of CXCL9 in the
apical compartment, and no longer any upregulation of CXCL10 and CCL5. These results
suggest that only direct infection of hBLEC can induce moderate hBBB inflammation.
Moreover, it seems that infection of astrocytes alone did not lead to hBBB inflammation
on the apical side by secretion of immune mediators.

Together, these results show that potent infection of astrocytes occured after viral
crossing of the hBBB, but suggest that astrocyte infection did not lead to the secretion of
immune mediators that could trigger hBBB disruption or inflammation. Thus, inflamma-
tion of hBBB seems to be induced only by direct infection of hBLEC by RVFV.

DISCUSSION

For the first time to our knowledge, our results show that RVFV is able to cross the
human BBB in vitro by direct infection in a NSs-independent manner but following
strain-dependent kinetics. Crossing led to the infection of pericytes and astrocytes in
the compartment that mimics brain parenchyma. However, in our model, infection of
hBLEC, pericytes or astrocytes did not disrupt BBB, possibly due to gradual elimination of
infected cells from the endothelial monolayer with potential maintenance of TJ scaffolds.
Our work also highlighted the restriction of hBBB-induced innate immune response by
NSs in the apical compartment, thereby potentially favoring RVFV replication.

Interestingly, our work showed that NVU cell types had different permissiveness
profiles: hEC and hBLEC are highly permissive, allowing more potent RVFV replication
than pericytes. Moreover, only hBLEC triggered an immune response against RVFV,
whereas the immune response of pericytes was not at all or only poorly elicited.
Surprisingly, pericytes are described in the literature as brain cells mediating inflamma-
tion in the CNS by secreting several cytokines, including CCL5 or CXCL10, and it will
now be interesting to determine which viral factor inhibits pericyte immune response
during RVFV infection (58). Moreover, it appeared that pericytes are more resistant than
hBLEC to RVFV infection, and it will now also be interesting to explore which cell factors
influence this resistance (cell receptor, cellular machinery, and basement membrane).
These cellular factors are probably not correlated with the immune response since
pericytes are able to resist without establishment of an immune response, suggesting
that resistance to RVFV infection is intrinsic.

We observed no damage to hBLEC monolayers following RVFV infection; however, we
only undertook these observations at relatively early time points post-infection. Rupture
of the human BBB could be a later event, as it has been reported for human neuropa-
thology, and should consequently be explored (17). Nevertheless, our description of
the absence of early BBB breakdown in our in vitro model seems to be in agreement
with reported observations. Indeed, neurovascular leakage and cerebral hemorrhages
are rarely described in humans manifesting RVFV neurological forms and are mainly
related to hepatic failure (4, 16, 21), suggesting that the neurovascular system is not
strongly impaired during RVFV infection. In addition, RVFV infection of hBLEC did not
lead to secretion of factors that favor BBB disruption upon RVFV infection, such as
MMPs or inflammatory cytokines (IL-1B, IL6, and TNFa) as it has been observed with
other neurotropic viruses, such as the West Nile virus (WNV) (39, 51, 59). Moreover, we
observed upregulation of the IFN-A response during RVFV infection, a type lll interferon
response mainly upregulated by the epithelium or endothelium, and described to be
able to limit viral replication and tighten the BBB (55). In addition, RVFV-infected cells
were eliminated from the cell monolayer without disruption of TJ scaffolds, suggesting
that natural mechanisms of BBB cell renewal would allow this elimination without
disruption of the barrier function. Indeed, it has been reported that apoptotic bovine
BMECs continue to express ZO-1 during apoptosis, but BMEC renewal is rarely described
in the literature (60). In comparison, the elimination of intestinal epithelial cells during
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cell renewal, known as cell extrusion, is a much better described mechanism: extruding
cells maintain cell-cell contact with surrounding cells by remodeling TJ scaffolds, such as
Z0-1, to keep sealing the paracellular space and thus maintain barrier integrity during
this process (61). Our results seem to identify a similar mechanism for RVFV-infected
hBLEC extrusion from hBBB and it would be interesting to explore this mechanism
further in the context of other viral infections.

In addition, BBB function in vivo is regulated by a large and complex cell organization.
It will be necessary to explore and mimic the NVU more precisely to see whether some
types of cells can induce BBB breakdown during RVFV neuroinfection. Here, we showed
that RVFV infection of astrocytes did not cause BBB disruption. However, our model did
not allow us to mimic the complete interaction between astrocytes and BBB, i.e., protein
signals and physical connection between BBB and the end-foot of astrocytes (37, 62, 63).
It would be interesting to use a model that allows this connection in order to evaluate
if astrocyte mortality, already described during RVFV infection, induces disruption of this
connection and thus disruption of BBB integrity (47). However, our results at this stage
suggest that RVFV can replicate in the CNS by infection of glial cells without disrupting
hBBB, at least at early stages, which is consistent with descriptions of delayed-onset
encephalitis in human cases during RVFV infection.

Our investigation showed the establishment of a moderate innate immune response
only by hBLEC after RVFV infection, which is polarized to the apical or blood compart-
ment. Interestingly, and despite their described role in immune modulation, astrocyte
infection did not lead to an inflammation of hBBB. It is possible that the absence of
hBBB inflammation is related to the inhibition of astrocyte innate immune response
by the viral protein NSs, as previously reported in the literature (46, 47). Similarly, the
RVFV-induced innate immune response in hBLEC is limited by NSs, since infection by the
NSs-deleted strain Clone 13 triggered a more potent response. Furthermore, only Clone
13 induced the attachment of lymphocytes at the hBBB at 2 dpi. Indeed, we demon-
strated higher upregulation of the chemokines CCL5 and CXCL10 in Clone 13-infected
hBLEC supernatants, which are described as factors involved in lymphocyte recruitment
at the BBB (39, 64). It has been reported in rodents and in human post-mortem analyses
that severe encephalitis was associated with neuro-vasculitis, lymphocytic perivascular
cuffing, lymphocytic infiltration on the CNS as well as in the CSF (16, 20-22, 29). We
showed that the lack of NSs induces earlier and higher upregulation of innate immune
response, although it is possible that in the case of virulent strains, the recruitment of
lymphocyte at the BBB occurs at a later stage of infection. Nevertheless, it seems that a
strong or dysregulated innate immune response against RVFV at the hBBB is responsible
for this recruitment and can enhance neuroinflammation, corroborating the description
of severe cases when immune response is dysregulated, and notably upregulation of
pro-inflammatory chemokines such as CXCL10 (28, 65).

Interestingly, we found strain-dependent variation in neuroinvasion. Indeed, the
strain MRU25010-30, which has already been described as being more virulent than
Mayotte 2008 (47), replicated earlier and at higher rates in hBLEC, leading to an earlier
release from the basolateral side of the hBBB. However, we showed that the NSs-deleted
Clone 13 strain can replicate at the same level as MRU25010-30. These results suggest
that the variation in neuroinvasion by the different viral strains is not mediated by the
NSs virulence factor, but by other RVFV factors. Moreover, we showed that hEC did not
display this strain variability, suggesting that variability can also be mediated by cell
factors or characteristics acquired by hBLEC after differentiation by co-incubation with
pericytes. These results suggest that the susceptibility of the neurovascular system to
RVFV infection can differ from that of peripheral blood vessels, corroborating triggering
of hemorrhagic syndrome in peripheral vascular system but not in the human CNS
(4, 17). In addition, it would be interesting to identify the virulence factors that drive
the ability of RVFV to cross the hBBB and potentially induce neurological disorders.
Indeed, during epidemics, it would be important to predict and prevent severe human
encephalitis by assessing neuroinvasion ability based on the strain sequences, as is
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the case for other arboviruses such as Flaviviridae whose genetic mutations on the
envelope glycoprotein can affect neurotropism (66). In this context, the virulent strain
MRU25010-30 was reported to induce severe and even fatal encephalitis in humans
during the Mauritanian epidemic in 2010, whereas no encephalitis was reported in
Mayotte in 2008 (67, 68).

We demonstrated the potential ability of RVFV to reach the CNS by directly infecting
the BBB, but given the complex cellular organisation of the CNS, it seems important to
confirm this conclusion by using more complex cellular models, such as assembloids
or through post-mortem histological analysis (69). Histopathological analysis of brains
of patients who died of RVFV encephalitis are rare, meaning the effective replication of
RVFV in the human brain is still uncertain. Nevertheless, such replication was confirmed
in NHPs that displayed a neurological form similar to humans (23). It will be interesting to
see if RVFV can use other routes to reach human CNS as several arboviruses have several
neuroinvasion mechanisms, including the West Nile virus (WNV) that reaches the CNS
not only by direct infection, but also via the Trojan horse mechanism, by transcytosis
across the BBB and also by axonal transport (40, 51). In mouse models, RVFV has been
reported to be able to infect neurons, suggesting it can use axonal transport (24).
Interestingly, the main route of transmission of RVFV to humans is through aerosolization
of viral particles, and it will be interesting to see if the human cribriform plate is also a
possible entry route of RVFV into the CNS (27). Concerning the Trojan horse mechanism,
it has been reported that dendritic cells are the main target of RVFV during the early
stage of infection and could act as Trojan horse as it is reported for other arboviruses (33,
39, 40, 70).

Taken together, our data highlight potential mechanisms of interaction between the
CNS and RVFV in humans. Indeed, we have shown that RVFV can reach the human
brain by crossing the BBB during the period of viremia, thereby potentially triggering
neurological disorder through glial cells, such as astrocytes (47). We highlighted strain
variability, suggesting that several factors may influence the ability of RVFV to reach the
brain and cause neurological disorders, which is consistent with the inter-individual and
inter-epidemic variability in fatality cases and neurological prevalence. Thus, it is vital
to explore both the host and viral factors that lead to severe encephalitis in humans to
improve public health prevention and treatment during RVFV epidemics.

MATERIALS AND METHODS
Virus stock and quantification

Independent stocks of two RVFV virulent strains isolated in the field, strains
MRU25010-30 (P1, Mauritania, 2010, KM210508) (71) and Mayotte 2008/00099 (P1,
Mayotte, 2008, HE687302-HE687304) (67, 72), as well as the naturally NSs-deleted
strain Clone 13 (P3, Bangui) (56), a kind gift from Dr M. Bouloy (Institut Pasteur, Paris),
were produced using African green monkey kidney Vero cells (ATCC). Virus-containing
medium was harvested when the cytopathic effect exceeded 75% and used as virus
stock. If the strain is not specified, and only RVFV is mentioned, the two virulent
strains were used independently, and the results of the assays were merged to break
free from strain-dependent variability. For each virus stock and each experiment, viral
titers expressed in TCID50/mL from infected and mock supernatant were determined
using the limiting dilution TCID50 method (tissue culture infectious dose, 50%) on Vero
cells and the Spearman—Karber method for the calculations (73). When indicated, viral
titers were also determined by RVFV-specific one-step RTqPCR using the AgPath-ID One
Step RTqPCR kit (Applied Biosystems, USA) on a LightCycler 96 (Roche, Switzerland)
(Tables S1 and S2). When measured by RT-gPCR, viral titers are expressed in equivalent
TCID50/mL (Eqg. TCID50/mL) based on the standard curve established between Ct values
and TCID50/mL values (Fig. S1).
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Cell monoculture and RVFV infection

African green monkey kidney Vero cells were grown in MEM supplemented with 2 mM
L-glutamine (Minimal Essential Medium, Gibco, USA) and 10% decomplemented fetal
bovine serum (FBS) (Corning, USA) (Passage (P) 24-49). Human immortalized brain
pericytes provided by Yamaguchi University Graduate School of Medicine (Japan) were
maintained in flasks or on plates coated with 0.2% gelatin from porcine skin (Sigma, USA)
in DMEM High-Glucose (Dulbecco Minimal Essential Medium, PAN-Biotech, Germany)
complemented with 10% FBS and 1% penicillin-streptomycin (P12) (74). Briefly, pericytes
were isolated from a patient who had suddenly died from a heart attack by using
a cloning cap on dissociated cerebral cortex (74). Thereafter, cells were immortalized
via sequential transduction with retrovirus-incorporated tsA58 and hTERT genes as
described (74). Brain pericyte phenotype of these cells was performed by studying
specific markers (a-smooth muscle actin, PDGFR-B, and desmin) (57). CD34* human
umbilical blood cord-derived endothelial cells (hECs) were isolated from umbilical cord
blood, and purified as described previously (75). Briefly, cells were isolated by Ficoll
density gradient and then positively selected twice using the mini-MACS immunomag-
netic separation system (Miltenyi Biotec, Bergisch Gladbach, Germany) according to the
manufacturer’s recommendations. Cells were subsequently cultured in EGM-2 (Lonza)
supplemented with 20% (v/v) fetal bovine serum and 50 ng/mL of VEGF165 (PeproTech
Inc.), on 1% gelatin-coated plates. After 15-20 days, hECs were observed in the culture
dish. Morphological observations and positive endothelial marker detection (vVWF, KDR,
CD31) were used to confirm the endothelial phenotype of the cells (hECs). The hECs
were then cultured in flasks coated with 0.2% gelatin from porcine skin in endothelial
cell growth medium MV2 (Promocell, Germany) supplemented with 0.5% gentamycin.
Commercial human primary astrocytes were isolated from human brain and cryopre-
served at passage one after confirmation by immunostaining of GAPDH (ScienCell, HA,
1800, lot 25672, USA). Astrocytes were maintained in flasks or on plates coated with
0.01% Poly-D-Lysine (Gibco, USA) according to the manufacturer’s instructions (P3). All
cells were grown at 37°C-5% CO,. For RVFV infection and depending on the MOI, inocula
were prepared by diluting viruses from viral stocks in the appropriate culture medium
and were added to the cells for a period of 90 min. A mock control corresponding to the
inoculum only-containing medium was included for each infection. At the indicated time
point post-infection, supernatants and cells were harvested and stored at —80°C.

Human BBB and BBB triculture model

The human BBB model consists to co-cultivate the hEC obtained previously with
immortalized human brain pericytes for 6 days on transwells (Costar, 0.4 um, USA) at
37 °C-5% CO5 (45). Cells were grown in endothelial cell growth medium MV2 (Promocell,
Germany) with hEC on the upper side of the transwell coated with Matrigel (0.2 mg/mL,
Corning, USA) and pericytes on the bottom of the transwell coated with 0.2% gelatin.
Co-incubation leads to differentiation of hEC into human brain-like endothelial cells
(hBLECs) and mimics the main features of human brain microvasculature endothelial
cells (hBMECs) of the BBB (41-43). During differentiation, the medium was changed
every 2 days. Lucifer Yellow assay (50 puM; Life Technologies, USA) was used to confirm
hEC differentiation into hBLEC and to test endothelial permeability (Pe) by measuring
and calculating passive diffusion of Lucifer Yellow molecule from the apical to the
basal side as described in the literature using the EnSpire Multimode Plate Reader
(PerkinElmer, USA, 432/538 nm) (41, 42, 45). The BBB was considered tight/impermeable
if Pe <to 1 x 107> cm/min and disrupted if Pe >1 x 107 cm/min (43, 54). Our BBB triculture
model was adapted from the triculture model set up by Artois University (France):
astrocytes were plated in 12-well plates in endothelial cell growth medium MV2, and in
vitro differentiated human BBB model was added to the wells containing astrocytes (57).
In the BBB and BBB triculture models, infection was performed as described above only if
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TABLE 1 Antibodies and dilution used in immunofluorescence assay

Target First labeling Dilution (reference) Secondary labeling Dilution (reference)
RVFV N structural Monoclonal mouse IgG1 anti-N 1:50 (Cirad, 15G6-4B8) Polyclonal donkey IgG anti-mouse  1:500 (Invitrogen A31570)
protein RVFV 1gG 555
Junction protein Polyclonal rabbit IgG anti-ZO-1  1:50 (Invitrogen, Polyclonal donkey IgG anti-rabbit ~ 1:500 (Invitrogen A31573)
Z0-1 61-7300) 1gG 647
PDGFRpB Monoclonal rabbit IgG 1:100 (Abcam, Ab32570)  Polyclonal donkey IgG anti-rabbit 1:500 (Invitrogen A31573)
anti-human PDGFRa/3 19G 647
GAPDH Polyclonal goat IgG 1:25 (Abcam, AB9483) Polyclonal donkey IgG anti-goat IgG 1:500 (Invitrogen A-11055)
anti-human GAPDH 488
Actin ActinGreen (Ready Probes, 1:50 (Thermofischer, 37110)
Alexa488)
Nucleus DAPI 1:1,000 (Sigma-Aldrich,
MBDO0015)

Pe were <1 x 107 cm/min, and if not specified, inocula were added on the apical side of
transwells.

Indirect immunofluorescence assays

Monolayers of cells were infected on 12-well plates containing coverslips with appropri-
ate coating in the case of monoculture or were infected on the top side of the transwell.
Cells were fixed using a 4% paraformaldehyde (PFA, Sigma-Aldrich, USA) solution for
20 min at room temperature (RT) and then stored at 4°C. Cells were permeabilized for
5 min with Triton X-100 0.1% (Sigma-Aldrich, USA) and saturated for 30 min in PBS 1x
(Sigma-Aldrich, USA), 10% FBS (Sigma-Aldrich, USA) and 2% BSA (Sigma-Aldrich, USA)
before being labeled with primary antibodies for 90 min at RT and then by secondary
antibodies for 1 h at RT (Table 1). Labeled coverslips or membranes of transwells were
mounted on glass slides with mounting medium (Fluoroshield, Sigma-Aldrich, USA),
imaged by inversed confocal ZEISS LSM 900 (Zeiss, Germany) and analyzed with Image J
Software bundled with 64-bit Java 1.8.0_322. Infected cells were quantified by count-
ing =500 cells per sample on aleatory panoramas of fields acquired with tile modules.
When relevant, quantitative cell parameters (volume, Z-axis height) were determined
using anti-GAPDH staining, and RVFV intensity ratios were calculated by dividing the
mean of RVFV fluorescence intensity of each cell by its volume. Quantitative values were
obtained from confocal microscopy images using Imaris Software 10.0.0 (62757) with
Imaris cells module 10.0.

Gene expression analysis

To explore the immune response induced by RVFV in hBLEC and pericytes, the total
RNA from cell layers was extracted according to the manufacturer’s instructions (RNeasy
mini kit, Qiagen, USA) and treated for genomic DNA elimination using RNase-free DNase
Set (Qiagen, USA). The quality and the concentration of the total RNA extracted from
each sample were checked using the NanoDrop 2000 (Thermo Fisher Scientific, USA).
Expression of genes involved in the immune response was then screened by a two-step
RT-gPCR (RevertAid First Strand cDNA synthesis, ThermoScientific/LightCycler 480 SYBR
Green | Master, Roche) with specific primers for each gene using 400 ng of total RNA on
LightCycler 480 equipment (Roche, Switzerland) (Tables S3 and S4). Ct values of targeted
genes were normalized using the housekeeping gene HPRTI. Fold-change values of
transcripts compared with those of uninfected condition were determined using the
published 22 method (76). If fold-change value X was <1, X was converted into —1/X.
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Cytokine and chemokine quantification

To explore the immune response induced by RVFV in hBLEC and pericytes at the
protein level, harvested supernatants were tested using two types of LEGENDPlex
kits (Biolegend, USA) according to the manufacturer’s instructions. Fluorescent signals
(APC, PE) were measured with flow cytometer Canto Il (BD Biosciences, USA), and data
were analyzed using the online Biolegend software (LEGENDplexTM Data Analysis). For
proteins whose concentration was above limit of detection for at least one condition,
any modification of protein expression levels is expressed as the ratio of mean protein
concentration in infected conditions to that in mock conditions. If protein ratio X was
under 1, the value was expressed after —1/X conversion. Upregulation or downregulation
of protein expression compared with mock conditions was arbitrarily considered to be
above 1.5 or under —1.5, respectively, and confirmed statistically (47).

LDH assay

To evaluate the cytotoxicity of the infection on hBLEC, LDH activity in apical superna-
tant of RVFV- or mock-infected hBBB was analyzed at different time points with the
LDH CyQUANT Kit (ThermoFischer, USA) on Multiskan MS spectrophotometer (Thermo
Labsystems, USA, 492 nm/620 nm) according to the manufacturer’s instructions with
slight modifications. Briefly, the same replicates were measured at different time points
by harvesting 50 pL of apical supernatant, and maximum LDH activity was meas-
ured with independent samples at each time point after incubation with lysis buffer.
Spontaneous LDH activity of hBLEC was determined by calculating the mean of the
mock-infected sample per experiment, and percentage of cytotoxicity was determined
according to the manufacturer’s equation:

% Cytotoxicity = < Sample LDH activity — Spontaneous LDH activity ) 100

Maximum LDH activity — Spontaneous LDH activity

Lymphocyte adhesion assay

Human primary cells were isolated from the buffy coats of healthy donors obtained from
the Etablissement Francais du Sang. Peripheral blood mononuclear cells (PBMCs) were
isolated by density centrifugation using Lymphoprep medium (STEMCELL Technolo-
gies, Canada). Primary cells were then cultured in Roswell Park Memorial Institute
(RPMI) complemented with 10% FBS and 1% penicillin-streptomycin at 37 °C-5%
CO,. Non-adherent peripheral blood lymphocytes were collected and grown in culture
medium supplemented with 1 pg/mL phytohemagglutinin (PHA, Thermo Fischer
Scientific, USA) for 24 h, and then in culture medium supplemented with 10 ng/mL rhiL-2
(ImmunoTools, Germany) for 1 week. T cell isolation was estimated by specific surface
staining achieved with antibodies anti-CD3 (UCHT1), anti-CD4 (OKT4), anti-CD14 (HCD14)
(Biolegend, USA), and anti-CD8 (REA734, Miltenyi Biotec, Germany). Stained cells were
analyzed with LSR Fortessa flow cytometer (BD Biosciences, USA) (Fig. S2). T cells were
then co-incubated overnight in harvested supernatant of 2 dpi RVFV- or mock-infected
BBB. After co-incubation, T cells were labeled with carboxyfluorescein succinimidyl ester
(CFSE) according to the manufacturer’s instructions (CellTrace CFSE Proliferation Kit,
492/517 nm, Invitrogen, USA) and then added on corresponding RVFV- or mock-infected
hBLEC for 45 min, as described in the literature (51). After binding, the cells were washed
with PBS 1%, and an indirect immunofluorescence assay was performed as described
above. After labeling, lymphocytes were counted based on a minimum of two random
panoramas of 20 fields per sample.

Statistical analysis

Each infection was performed in triplicate for each condition. Each experiment
corresponds to at least two independent infections. Depending on data distribution
(Shapiro test) and on the type of assay, Model (GLM, LM), ANOVAs/Kruskal-Wallis,
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Student’s t test/Mann-Whitney test, or Spearman/Pearson correlation (*P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001) were used to analyze data with GraphPad Prism 10.2.3
(403) software or RStudio 2021.09.0 (351) (Package Ime4 1.1-32, emmeans 1.10.00).
When relevant, the sample sizes (n) and the number of independent experiments (N) are
indicated in the figure and the statistical methods are named in the figure legends.

ACKNOWLEDGMENTS

Special thanks to Jonathan Barthelemy and Aurélie Pedarrieu for their help and support
with experimental procedures. We are grateful to ONARDEP (Dr. Bezeid Ould El Mamy)
and ISRA-LNERV (Dr. Moustapha Modou Lo) for fieldwork, sample collection, and virus
isolation.

This work was publicly funded by the Montpellier University of Excellence (MUSE)
through the KIM-RIVE initiative and by the ANR (the French National Research Agency)
under the ANR-21-CE15-0041-02.

We are grateful to the staff of UMR PHIM imagery platform and particularly to
Marie-Stéphanie Vernerey, for support, training, and access to the confocal microscopy
platform. We are grateful to staff of the MRI platform, and particularly Matthieu Déjean,
for support, training, and access to the Imaris platform.

Cell illustrations were made with online software BioRender.

AUTHOR AFFILIATIONS

'ASTRE, CIRAD, INRAE, University of Montpellier, Montpellier, France

PCCEI, University of Montpellier, INSERM, Etablissement Francais du Sang, Montpellier,
France

*IRIM, CNRS UMR9004, University of Montpellier, Montpellier, France

“Blood Brain Barrier Laboratory, Faculty of Science Jean Perrin, Artois University, Lens,
France

*Department of Neurology and Clinical Neuroscience, Yamaguchi University Graduate
School of Medicine, Ube, Japan

AUTHOR ORCIDs

Jordan Quellec @ http://orcid.org/0000-0003-0414-0572
Catherine Cétre-Sossah (2 http://orcid.org/0000-0002-0869-1681
Sara Salinas 2 http://orcid.org/0000-0003-4492-2093

FUNDING

Funder Grant(s) Author(s)

Agence Nationale de la Recherche ANR-21-CE15-0041-02 Sara Salinas

(ANR)

Université de Montpellier (UM) KIM-RIVE Catherine Cétre-Sossah

AUTHOR CONTRIBUTIONS

Jordan Quellec, Data curation, Formal analysis, Investigation, Methodology, Validation,
Visualization, Writing — original draft, Writing - review and editing | Camille Piro-Megy,
Investigation, Methodology, Writing - review and editing | Marion Cannac, Resources,
Writing - review and editing | Sébastien Nisole, Conceptualization, Resources, Writing —
review and editing | Florent H. Marty, Conceptualization, Resources, Writing — review
and editing | Fabien Gosselet, Resources, Writing - review and editing | Fumitaka
Shimizu, Resources, Writing — review and editing | Takashi Kanda, Resources, Writing
- review and editing | Catherine Cétre-Sossah, Conceptualization, Funding acquisition,
Investigation, Methodology, Project administration, Resources, Supervision, Validation,
Visualization, Writing — original draft, Writing - review and editing | Sara Salinas,

Month XXXX Volume 0 Issue 0

Journal of Virology

10.1128/jvi.01267-24 19

Downloaded from https://journals.asm.org/journal/jvi on 02 October 2024 by 193.49.62.50.


https://doi.org/10.1128/jvi.01267-24

Full-Length Text

Conceptualization, Funding acquisition, Investigation, Methodology, Project administra-
tion, Resources, Supervision, Validation, Visualization, Writing — original draft, Writing —
review and editing

DATA AVAILABILITY

All data concerning RNA expression assay are available in Tables S3 and S4.

ETHICS APPROVAL

Human cells were isolated as described below. The in vitro human BBB model requires
the use of human cells obtained from donors. For the CD34* hematopoietic stem
cells, written informed consent was obtained from the family of the participant before
enrollment in the study. The collection of human umbilical cord blood requires that
infants’ parents have signed consent forms in compliance with French legislation.
The protocol was approved by the French Ministry of Higher Education and Research
(CODECOH, Number DC2011-1321). All experiments were carried out in accordance with
the approved protocol. Human brain pericytes were isolated from a patient who died
suddenly, and the study protocol for human tissue was approved by the ethics commit-
tee of the Faculty of Medicine (IRB#: H18-033-6), University of Yamaguchi Graduate
School, and was conducted in accordance with the Declaration of Helsinki, as amended
in Somerset West in 1996. Written informed consent was obtained from the family of
the participant before inclusion in the study (74). Human lymphocytes were obtained
from human primary cells and were isolated from the buffy coat of healthy donors
obtained from the Etablissement Francais du Sang (EFS Pyrénées-Méditerranée, contract

Journal of Virology

#21PLER2019-0106).

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental material (JV101267-24-s0001.docx). Tables S1 to S4; Figures S1 and S2.

REFERENCES

1.

Venter M. 2018. Assessing the zoonotic potential of arboviruses of
African origin. Curr Opin Virol 28:74-84. https://doi.org/10.1016/j.coviro.
2017.11.004

Thomson MC, Mufioz AG, Cousin R, Shumake-Guillemot J. 2018. Climate
drivers of vector-borne diseases in Africa and their relevance to control
programmes. Infect Dis Poverty 7:81. https://doi.org/10.1186/s40249-
018-0460-1

Mufoz LS, Garcia MA, Gordon-Lipkin E, Parra B, Pardo CA. 2018.
Emerging viral infections and their impact on the global burden of
neurological disease. Semin Neurol 38:163-175. https://doi.org/10.1055/
5-0038-1647247

McEntire CRS, Song KW, Mclnnis RP, Rhee JY, Young M, Williams E,
Wibecan LL, Nolan N, Nagy AM, Gluckstein J, Mukerji SS, Mateen FJ. 2021.
Neurologic manifestations of the world health organization’s list of
pandemic and epidemic diseases. Front Neurol 12:634827. https://doi.
org/10.3389/fneur.2021.634827

Wiley CA. 2020. Emergent viral infections of the CNS. J Neuropathol Exp
Neurol 79:823-842. https://doi.org/10.1093/jnen/nlaa054

Daubney R, Hudson JR, Garnham PC. 1931. Enzootic hepatitis or Rift
Valley fever. An undescribed virus disease of sheep cattle and man from
East Africa. J Pathol 34:545-579. https://doi.org/10.1002/path.
1700340418

Sasaya T, Palacios G, Briese T, Di Serio F, Groschup MH, Neriya Y, Song J-
W, Tomitaka Y. 2023. ICTV virus taxonomy profile: Phenuiviridae 2023. J
Gen Virol 104:1-2. https://doi.org/10.1099/jgv.0.001893

Abudurexiti A, Adkins S, Alioto D, Alkhovsky SV, Avsi¢-Zupanc T,
Ballinger MJ, Bente DA, Beer M, Bergeron E, Blair CD, et al. 2019.

Month XXXX Volume 0 Issue 0

10.

11.

12.

13.

14.

15.

Taxonomy of the order Bunyavirales: update 2019. Arch Virol 164:1949-
1965. https://doi.org/10.1007/s00705-019-04253-6

Wright D, Kortekaas J, Bowden TA, Warimwe GM. 2019. Rift Valley fever:
biology and epidemiology. J Gen Virol 100:1187-1199. https://doi.org/
10.1099/jgv.0.001296

McMillen CM, Hartman AL. 2018. Rift Valley fever in animals and humans:
current perspectives. Antiviral Res 156:29-37. https://doi.org/10.1016/j.
antiviral.2018.05.009

Bron GM, Strimbu K, Cecilia H, Lerch A, Moore SM, Tran Q, Perkins TA, Ten
Bosch QA. 2021. Over 100 years of Rift Valley fever: a patch seropreva-
lence and associated risk factors of selected zoonotic viral hemorrhagic
fevers in Tanzaniawork of data on pathogen spread and spillover.
Pathogens 10. https://doi.org/10.3390/pathogens10060708

Wang Z, Pei S, Ye R, Chen J, Cheng N, Zhao M, Cao W, Jia Z. 2024.
Increasing evolution, prevalence, and outbreaks for Rift Valley fever virus
in the process of breaking geographical barriers. Sci Total Environ
917:170302. https://doi.org/10.1016/j.scitotenv.2024.170302

Kwasnik M, Rozek W, Rola J. 2021. Rift Valley fever - A growing threat to
humans and animals. J Vet Res 65:7-14. https://doi.org/10.2478/jvetres-
2021-0009

Gibson S, Noronha LE, Tubbs H, Cohnstaedt LW, Wilson WC, Mire C,
Mitzel D, Anyamba A, Rostal M, Linthicum KJ. 2023. The increasing threat
of Rift Valley fever virus globalization: strategic guidance for protection
and preparation. J Med Entomol 60:1197-1213. https://doi.org/10.1093/
jme/tjad113

Métras R, Edmunds WJ, Youssouffi C, Dommergues L, Fournié G,
Camacho A, Funk S, Cardinale E, Le Godais G, Combo S, Filleul L,

10.1128/jvi.01267-24 20

Downloaded from https://journals.asm.org/journal/jvi on 02 October 2024 by 193.49.62.50.


https://doi.org/10.1128/jvi.01267-24
https://doi.org/10.1016/j.coviro.2017.11.004
https://doi.org/10.1186/s40249-018-0460-1
https://doi.org/10.1055/s-0038-1647247
https://doi.org/10.3389/fneur.2021.634827
https://doi.org/10.1093/jnen/nlaa054
https://doi.org/10.1002/path.1700340418
https://doi.org/10.1099/jgv.0.001893
https://doi.org/10.1007/s00705-019-04253-6
https://doi.org/10.1099/jgv.0.001296
https://doi.org/10.1016/j.antiviral.2018.05.009
https://doi.org/10.3390/pathogens10060708
https://doi.org/10.1016/j.scitotenv.2024.170302
https://doi.org/10.2478/jvetres-2021-0009
https://doi.org/10.1093/jme/tjad113
https://doi.org/10.1128/jvi.01267-24

Full-Length Text

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Month XXXX Volume 0

Youssouf H, Subiros M. 2020. Estimation of Rift Valley fever virus spillover
to humans during the Mayotte 2018-2019 epidemic. Proc Natl Acad Sci
US A 117:24567-24574. https://doi.org/10.1073/pnas.2004468117
McIntosh BM, Russell D, dos Santos |, Gear JH. 1980. Rift Valley fever in
humans in South Africa. S Afr Med J 58:803-806.

Javelle E, Lesueur A, Pommier de Santi V, de Laval F, Lefebvre T, Holweck
G, Durand GA, Leparc-Goffart |, Texier G, Simon F. 2020. The challenging
management of Rift Valley Fever in humans: literature review of the
clinical disease and algorithm proposal. Ann Clin Microbiol Antimicrob
19:4. https://doi.org/10.1186/s12941-020-0346-5

lkegami T, Makino S. 2011. The pathogenesis of Rift Valley fever. Viruses
3:493-519. https://doi.org/10.3390/v3050493

Anywaine Z, Lule SA, Hansen C, Warimwe G, Elliott A. 2022. Clinical
manifestations of Rift Valley fever in humans: systematic review and
meta-analysis. PLoS Negl Trop Dis 16:e0010233. https://doi.org/10.1371/
journal.pntd.0010233

van Velden DJ, Meyer J, Olivier J, Gear J, Mcintosh B. 1977. Rift Valley
fever affecting humans in South Africa: a clinicopathological study.
undefined

Alrajhi AA, Al-Semari A, Al-Watban J. 2004. Rift Valley fever encephalitis.
Emerg Infect Dis 10:554-555. https://doi.org/10.3201/eid1003.020817
Laughlin LW, Meegan JM, Strausbaugh LJ, Morens DM, Watten RH. 1979.
Epidemic Rift Valley fever in Egypt: observations of the spectrum of
human illness. Trans R Soc Trop Med Hyg 73:630-633. https://doi.org/10.
1016/0035-9203(79)90006-3

Hartman AL, Powell DS, Bethel LM, Caroline AL, Schmid RJ, Oury T, Reed
DS. 2014. Aerosolized Rift Valley fever virus causes fatal encephalitis in
African green monkeys and common marmosets. J Virol 88:2235-2245.
https://doi.org/10.1128/JV1.02341-13

Smith DR, Steele KE, Shamblin J, Honko A, Johnson J, Reed C, Kennedy
M, Chapman JL, Hensley LE. 2010. The pathogenesis of Rift Valley fever
virus in the mouse model. Virology (Auckl) 407:256-267. https://doi.org/
10.1016/j.virol.2010.08.016

Odendaal L, Davis AS, Venter EH. 2021. Insights into the pathogenesis of
viral haemorrhagic fever based on virus tropism and tissue lesions of
natural Rift Valley fever. Viruses 13:709. https://doi.org/10.3390/
v13040709

Connors KA, Hartman AL. 2022. Advances in understanding neuropatho-
genesis of Rift Valley fever virus. Annu Rev Virol 9:437-450. https://doi.
org/10.1146/annurev-virology-091919-065806

Boyles DA, Schwarz MM, Albe JR, McMillen CM, O’Malley KJ, Reed DS,
Hartman AL. 2021. Development of Rift Valley fever encephalitis in rats is
mediated by early infection of olfactory epithelium and neuroinvasion
across the cribriform plate. J Gen Virol 102. https://doi.org/10.1099/jgv.0.
001522

Gray KK, Worthy MN, Juelich TL, Agar SL, Poussard A, Ragland D, Freiberg
AN, Holbrook MR. 2012. Chemotactic and inflammatory responses in the
liver and brain are associated with pathogenesis of Rift Valley fever virus
infection in the mouse. PLoS Negl Trop Dis 6:e1529. https://doi.org/10.
1371/journal.pntd.0001529

Dodd KA, McElroy AK, Jones TL, Zaki SR, Nichol ST, Spiropoulou CF. 2014.
Rift Valley fever virus encephalitis is associated with an ineffective
systemic immune response and activated T cell infiltration into the CNS
in an immunocompetent mouse model. PLoS Negl Trop Dis 8:e2874.
https://doi.org/10.1371/journal.pntd.0002874

Albe JR, Boyles DA, Walters AW, Kujawa MR, McMillen CM, Reed DS,
Hartman AL. 2019. Neutrophil and macrophage influx into the central
nervous system are inflammatory components of lethal Rift Valley fever
encephalitis in rats. PLoS Pathog 15:e1007833. https://doi.org/10.1371/
journal.ppat.1007833

Walters AW, Kujawa MR, Albe JR, Reed DS, Klimstra WB, Hartman AL.
2019. Vascular permeability in the brain is a late pathogenic event
during Rift Valley fever virus encephalitis in rats. Virology (Auckl)
526:173-179. https://doi.org/10.1016/j.virol.2018.10.021

Dodd KA, McElroy AK, Jones MEB, Nichol ST, Spiropoulou CF. 2013. Rift
Valley fever virus clearance and protection from neurologic disease are
dependent on CD4+ T cell and virus-specific antibody responses. J Virol
87:6161-6171. https://doi.org/10.1128/JVI.00337-13

Connors KA, Frey ZD, Demers MJ, Wills ZP, Hartman AL. 2024. Acute Rift
Valley fever virus infection induces inflammatory cytokines and cell

Issue 0

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Journal of Virology

death in ex vivo rat brain slice culture. J Gen Virol 105:1-13.
https://doi.org/10.1099/jgv.0.001970

Bird BH, McElroy AK. 2016. Rift Valley fever virus: unanswered questions.
Antiviral Res 132:274-280. https://doi.org/10.1016/j.antiviral.2016.07.005
Reinhold AK, Rittner HL. 2017. Barrier function in the peripheral and
central nervous system-a review. Pflugers Arch 469:123-134. https://doi.
org/10.1007/s00424-016-1920-8

Kadry H, Noorani B, Cucullo L. 2020. A blood-brain barrier overview on
structure, function, impairment, and biomarkers of integrity. Fluids
Barriers CNS 17:69. https://doi.org/10.1186/512987-020-00230-3
McConnell HL, Mishra A. 2022. Cells of the blood-brain barrier: an
overview of the neurovascular unit in health and disease. Methods Mol
Biol 2492:3-24. https://doi.org/10.1007/978-1-0716-2289-6_1

Worzfeld T, Schwaninger M. 2016. Apicobasal polarity of brain
endothelial cells. J Cereb Blood Flow Metab 36:340-362. https://doi.org/
10.1177/0271678X15608644

Constant O, Maarifi G, Blanchet FP, Van de Perre P, Simonin Y, Salinas S.
2022. Role of dendritic cells in viral brain infections. Front Immunol
13:862053. https://doi.org/10.3389/fimmu.2022.862053

Cain MD, Salimi H, Diamond MS, Klein RS. 2019. Mechanisms of
pathogen invasion into the central nervous system. Neuron 103:771-
783. https://doi.org/10.1016/j.neuron.2019.07.015

Deligne C, Hachani J, Duban-Deweer S, Meignan S, Leblond P, Carcaboso
AM, Sano Y, Shimizu F, Kanda T, Gosselet F, Dehouck M-P, Mysiorek C.
2020. Development of a human in vitro blood-brain tumor barrier model
of diffuse intrinsic pontine glioma to better understand the chemoresist-
ance. Fluids Barriers CNS 17:37. https://doi.org/10.1186/512987-020-
00198-0

Dehouck MP, Méresse S, Delorme P, Fruchart JC, Cecchelli R. 1990. An
easier, reproducible, and mass-production method to study the blood-
brain barrier in vitro. J Neurochem 54:1798-1801. https://doi.org/10.
1111/j.1471-4159.1990.tb01236.x

Dehouck M, Jolliet - Riant P, Brée F, Fruchart J, Cecchelli R, Tillement J.
1992. Drug transfer across the blood - brain barrier: correlation between
in vitro and in vivo models. J Neurochem 58:1790-1797. https://doi.org/
10.1111/j.1471-4159.1992.tb 10055.x

Dehouck M-P, Tachikawa M, Hoshi Y, Omori K, Maurage C-A, Strecker G,
Dehouck L, Boucau M-C, Uchida Y, Gosselet F, Terasaki T, Karamanos Y.
2022. Quantitative targeted absolute proteomics for better characteriza-
tion of an in vitro human blood-brain barrier model derived from
hematopoietic stem cells. Cells 11:3963. https://doi.org/10.3390/
cells11243963

Cecchelli R, Aday S, Sevin E, Aimeida C, Culot M, Dehouck L, Coisne C,
Engelhardt B, Dehouck MP, Ferreira L. 2014. A stable and reproducible
human blood-brain barrier model derived from hematopoietic stem
cells. PLoS One 9:299733. https://doi.org/10.1371/journal.pone.0099733
Ly HJ, lkegami T. 2016. Rift Valley fever virus NSs protein functions and
the similarity to other bunyavirus NSs proteins. Virol J 13:118. https://doi.
org/10.1186/5s12985-016-0573-8

Quellec J, Pédarrieu A, Piro-Mégy C, Barthelemy J, Simonin Y, Salinas S,
Cétre-Sossah C. 2023. Rift Valley fever virus modulates apoptosis and
immune response during infection of human astrocytes. Emerg
Microbes Infect 12:2207672. https://doi.org/10.1080/22221751.2023.
2207672

Gaume L, Chabrolles H, Bisseux M, Lopez-Coqueiro |, Dehouck L, Mirand
A, Henquell C, Gosselet F, Archimbaud C, Bailly J-L. 2024. Enterovirus A71
crosses a human blood-brain barrier model through infected immune
cells. Microbiol Spectr 12:0069024. https://doi.org/10.1128/spectrum.
00690-24

Constant O, Barthelemy J, Bolloré K, Tuaillon E, Gosselet F, Chable-Bessia
C, Merida P, Muriaux D, Van de Perre P, Salinas S, Simonin Y. 2021. SARS-
CoV-2 poorly replicates in cells of the human blood-brain barrier without
associated deleterious effects. Front Immunol 12:697329. https://doi.
org/10.3389/fimmu.2021.697329

Clé M, Constant O, Barthelemy J, Desmetz C, Martin MF, Lapeyre L, Cadar
D, Savini G, Teodori L, Monaco F, Schmidt-Chanasit J, Saiz J-C, Gonzales
G, Lecollinet S, Beck C, Gosselet F, Van de Perre P, Foulongne V, Salinas S,
Simonin Y. 2021. Differential neurovirulence of Usutu virus lineages in
mice and neuronal cells. J Neuroinflammation 18:11. https://doi.org/10.
1186/512974-020-02060-4

10.1128/jvi.01267-24 21

Downloaded from https://journals.asm.org/journal/jvi on 02 October 2024 by 193.49.62.50.


https://doi.org/10.1073/pnas.2004468117
https://doi.org/10.1186/s12941-020-0346-5
https://doi.org/10.3390/v3050493
https://doi.org/10.1371/journal.pntd.0010233
https://doi.org/10.3201/eid1003.020817
https://doi.org/10.1016/0035-9203(79)90006-3
https://doi.org/10.1128/JVI.02341-13
https://doi.org/10.1016/j.virol.2010.08.016
https://doi.org/10.3390/v13040709
https://doi.org/10.1146/annurev-virology-091919-065806
https://doi.org/10.1099/jgv.0.001522
https://doi.org/10.1371/journal.pntd.0001529
https://doi.org/10.1371/journal.pntd.0002874
https://doi.org/10.1371/journal.ppat.1007833
https://doi.org/10.1016/j.virol.2018.10.021
https://doi.org/10.1128/JVI.00337-13
https://doi.org/10.1099/jgv.0.001970
https://doi.org/10.1016/j.antiviral.2016.07.005
https://doi.org/10.1007/s00424-016-1920-8
https://doi.org/10.1186/s12987-020-00230-3
https://doi.org/10.1007/978-1-0716-2289-6_1
https://doi.org/10.1177/0271678X15608644
https://doi.org/10.3389/fimmu.2022.862053
https://doi.org/10.1016/j.neuron.2019.07.015
https://doi.org/10.1186/s12987-020-00198-0
https://doi.org/10.1111/j.1471-4159.1990.tb01236.x
https://doi.org/10.1111/j.1471-4159.1992.tb10055.x
https://doi.org/10.3390/cells11243963
https://doi.org/10.1371/journal.pone.0099733
https://doi.org/10.1186/s12985-016-0573-8
https://doi.org/10.1080/22221751.2023.2207672
https://doi.org/10.1128/spectrum.00690-24
https://doi.org/10.3389/fimmu.2021.697329
https://doi.org/10.1186/s12974-020-02060-4
https://doi.org/10.1128/jvi.01267-24

Full-Length Text

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Month XXXX Volume 0

Constant O, Maarifi G, Barthelemy J, Martin M-F, Tinto B, Savini G, Van de
Perre P, Nisole S, Simonin Y, Salinas S. 2023. Differential effects of Usutu
and West Nile viruses on neuroinflammation, immune cell recruitment
and blood-brain barrier integrity. Emerg Microbes Infect 12:2156815.
https://doi.org/10.1080/22221751.2022.2156815

Clé M, Desmetz C, Barthelemy J, Martin M-F, Constant O, Maarifi G,
Foulongne V, Bolloré K, Glasson Y, De Bock F, Blaquiere M, Dehouck L,
Pirot N, Tuaillon E, Nisole S, Najioullah F, Van de Perre P, Cabié A, Marchi
N, Gosselet F, Simonin Y, Salinas S. 2020. Zika virus infection promotes
local inflammation, cell adhesion molecule upregulation, and leukocyte
recruitment at the blood-brain barrier. MBio 11:€01183-20. https://doi.
org/10.1128/mBio.01183-20

Terasaki K, Kalveram B, Johnson KN, Juelich T, Smith JK, Zhang L,
Freiberg AN, Makino S. 2021. Rift Valley fever virus 78kDa envelope
protein attenuates virus replication in macrophage-derived cell lines
and viral virulence in mice. PLoS Negl Trop Dis 15:e0009785. https://doi.
org/10.1371/journal.pntd.0009785

Candela P, Saint-Pol J, Kuntz M, Boucau MC, Lamartiniere Y, Gosselet F,
Fenart L. 2015. In vitro discrimination of the role of LRP1 at the BBB
cellular level: focus on brain capillary endothelial cells and brain
pericytes. Brain Res 1594:15-26. https://doi.org/10.1016/j.brainres.2014.
10.047

Lazear HM, Nice TJ, Diamond MS. 2015. Interferon-A: immune functions
at barrier surfaces and beyond. Immunity 43:15-28. https://doi.org/10.
1016/j.immuni.2015.07.001

Muller R, Saluzzo JF, Lopez N, Dreier T, Turell M, Smith J, Bouloy M. 1995.
Characterization of clone 13, a naturally attenuated avirulent isolate of
Rift Valley fever virus, which is altered in the small segment. Am J Trop
Med Hyg 53:405-411. https://doi.org/10.4269/ajtmh.1995.53.405

Rizzi E, Deligne C, Dehouck L, Bilardo R, Sano Y, Shimizu F, Kanda T,
Resmini M, Gosselet F, Dehouck MP, Mysiorek C. 2021. A triple culture
cell system modeling the human blood-brain barrier. J Vis Exp 177. https:
//doi.org/10.3791/63134

Rustenhoven J, Jansson D, Smyth LC, Dragunow M. 2017. Brain pericytes
as mediators of neuroinflammation. Trends Pharmacol Sci 38:291-304.
https://doi.org/10.1016/j.tips.2016.12.001

Verma S, Kumar M, Gurjav U, Lum S, Nerurkar VR. 2010. Reversal of West
Nile virus-induced blood-brain barrier disruption and tight junction
proteins degradation by matrix metalloproteinases inhibitor. Virology
(Auckl) 397:130-138. https://doi.org/10.1016/j.virol.2009.10.036

Lee H-S, Namkoong K, Kim D-H, Kim K-J, Cheong Y-H, Kim S-S, Lee W-B,
Kim K-Y. 2004. Hydrogen peroxide-induced alterations of tight junction
proteins in bovine brain microvascular endothelial cells. Microvasc Res
68:231-238. https://doi.org/10.1016/j.mvr.2004.07.005

Higashi T, Saito AC, Chiba H. 2024. Damage control of epithelial barrier
function in dynamic environments. Eur J Cell Biol 103:151410. https://
doi.org/10.1016/j.ejcb.2024.151410

Jensen CJ, Massie A, De Keyser J. 2013. Immune players in the CNS: the
astrocyte. J Neuroimmune Pharmacol 8:824-839. https://doi.org/10.
1007/s11481-013-9480-6

Lawrence JM, Schardien K, Wigdahl B, Nonnemacher MR. 2023. Roles of
neuropathology-associated reactive astrocytes: a systematic review.
Acta Neuropathol Commun 11:42. https://doi.org/10.1186/540478-023-
01526-9

Issue 0

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Journal of Virology

Hosking MP, Lane TE. 2010. The role of chemokines during viral infection
of the CNS. PLoS Pathog 6:¢1000937. https://doi.org/10.1371/journal.
ppat.1000937

Jansen van Vuren P, Shalekoff S, Grobbelaar AA, Archer BN, Thomas J,
Tiemessen CT, Paweska JT. 2015. Serum levels of inflammatory cytokines
in Rift Valley fever patients are indicative of severe disease. Virol J 12:159.
https://doi.org/10.1186/512985-015-0392-3

Velandia ML, Castellanos JE. 2012. Flavivirus neurotropism, neuroinva-
sion, neurovirulence and neurosusceptibility: clues to understanding
flavivirus- and dengue-induced encephalitisviral genomes - molecular
structure, diversity, gene expression mechanisms and host-virus
interactions. InTech.

Sissoko D, Giry C, Gabrie P, Tarantola A, Pettinelli F, Collet L, D'Ortenzio E,
Renault P, Pierre V. 2009. Rift Valley fever, mayotte, 2007-2008. Emerg
Infect Dis 15:568-570. https://doi.org/10.3201/eid1504.081045

El Mamy ABO, Baba MO, Barry Y, Isselmou K, Dia ML, El Kory MOB, Diop
M, Lo MM, Thiongane Y, Bengoumi M, Puech L, Plee L, Claes F, de La
Rocque S, Doumbia B. 2011. Unexpected Rift Valley fever outbreak,
Northern Mauritania. Emerg Infect Dis 17:1894-1896. https://doi.org/10.
3201/eid1710.110397

Marton RM, Pasca SP. 2020. Organoid and assembloid technologies for
investigating cellular crosstalk in human brain development and
disease. Trends Cell Biol 30:133-143. https://doi.org/10.1016/j.tcb.2019.
11.004

Lozach P-Y, Kiihbacher A, Meier R, Mancini R, Bitto D, Bouloy M, Helenius
A. 2011. DC-SIGN as a receptor for phleboviruses. Cell Host Microbe
10:75-88. https://doi.org/10.1016/j.chom.2011.06.007

El Mamy AB, Lo MM, Thiongane Y, Diop M, Isselmou K, Doumbia B, Baba
MO, El Arbi AS, Lancelot R, Kane Y, Albina E, Cétre-Sossah C. 2014.
Comprehensive phylogenetic reconstructions of Rift Valley fever virus:
the 2010 northern Mauritania outbreak in the Camelus dromedarius
species. Vector Borne Zoonotic Dis 14:856-861. https://doi.org/10.1089/
vbz.2014.1605

Cétre-Sossah C, Zeller H, Grandadam M, Caro V, Pettinelli F, Bouloy M,
Cardinale E, Albina E. 2012. Genome analysis of Rift Valley fever virus,
Mayotte. Emerg Infect Dis 18:969-971. https://doi.org/10.3201/eid1806.
110994

Kérber G. 1931. Beitrag zur kollektiven Behandlung pharmakologischer
Reihenversuche. Archiv f experiment Pathol u Pharmakol 162:480-483.
https://doi.org/10.1007/BF01863914

Shimizu F, Sano Y, Abe M-A, Maeda T, Ohtsuki S, Terasaki T, Kanda T.
2011. Peripheral nerve pericytes modify the blood-nerve barrier
function and tight junctional molecules through the secretion of various
soluble factors. J Cell Physiol 226:255-266. https://doi.org/10.1002/jcp.
22337

Pedroso DCS, Tellechea A, Moura L, Fidalgo-Carvalho |, Duarte J,
Carvalho E, Ferreira L. 2011. Improved survival, vascular differentiation
and wound healing potential of stem cells co-cultured with endothelial
cells. PLoS One 6:216114. https://doi.org/10.1371/journal.pone.0016114

Livak KJ, Schmittgen TD. 2001. Analysis of relative gene expression data
using real-time quantitative PCR and the 272" method. Methods
25:402-408. https://doi.org/10.1006/meth.2001.1262

10.1128/jvi.01267-24 22

Downloaded from https://journals.asm.org/journal/jvi on 02 October 2024 by 193.49.62.50.


https://doi.org/10.1080/22221751.2022.2156815
https://doi.org/10.1128/mBio.01183-20
https://doi.org/10.1371/journal.pntd.0009785
https://doi.org/10.1016/j.brainres.2014.10.047
https://doi.org/10.1016/j.immuni.2015.07.001
https://doi.org/10.4269/ajtmh.1995.53.405
https://doi.org/10.3791/63134
https://doi.org/10.1016/j.tips.2016.12.001
https://doi.org/10.1016/j.virol.2009.10.036
https://doi.org/10.1016/j.mvr.2004.07.005
https://doi.org/10.1016/j.ejcb.2024.151410
https://doi.org/10.1007/s11481-013-9480-6
https://doi.org/10.1186/s40478-023-01526-9
https://doi.org/10.1371/journal.ppat.1000937
https://doi.org/10.1186/s12985-015-0392-3
https://doi.org/10.3201/eid1504.081045
https://doi.org/10.3201/eid1710.110397
https://doi.org/10.1016/j.tcb.2019.11.004
https://doi.org/10.1016/j.chom.2011.06.007
https://doi.org/10.1089/vbz.2014.1605
https://doi.org/10.3201/eid1806.110994
https://doi.org/10.1007/BF01863914
https://doi.org/10.1002/jcp.22337
https://doi.org/10.1371/journal.pone.0016114
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1128/jvi.01267-24

	Rift Valley fever virus is able to cross the human blood–brain barrier in vitro by direct infection with no deleterious effects
	RESULTS
	RVFV differentially infects human cell types that make up the hBBB
	RVFV is able to cross the human BBB by direct infection
	Maintenance of hBBB integrity during RVFV infection
	Infection of hBBB by RVFV leads to the elimination of infected cells from the hBLEC monolayer
	Cell-dependent and polarized modulation of the RVFV-induced immune response by hBBB
	Neuroinvasion of RVFV is NSs-independent, although NSs is required for the control of RVFV-induced hBBB immune response
	Infection of hBBB triggers human astrocyte infection but without disrupting BBB integrity

	DISCUSSION
	MATERIALS AND METHODS
	Virus stock and quantification
	Cell monoculture and RVFV infection
	Human BBB and BBB triculture model
	Indirect immunofluorescence assays
	Gene expression analysis
	Cytokine and chemokine quantification
	LDH assay
	Lymphocyte adhesion assay
	Statistical analysis



