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Zika virus (ZIKV) infection has been associated with a series of neurological pathologies.
In patients with ZIKV-induced neurological disorders, the virus is detectable in the central
nervous system. Thus, ZIKV is capable of neuroinvasion, presumably through infection
of the endothelial cells that constitute the blood-brain barrier (BBB). We demonstrate that
susceptibility of BBB endothelial cells to ZIKV infection is modulated by the expression
of tight-junction protein claudin-7 (CLDN7). Downregulation of CLDN7 reduced viral RNA
yield, viral protein production, and release of infectious viral particles in several endothelial
cell types, but not in epithelial cells, indicating that CLDN7 implication in viral infection is
cell-type speci c. The proviral activity of CLDN7 in endothelial cells is ZIKV-speci ¢ since
related aviviruses were not affected by CLDN7 downregulation. Together, our data
suggest that CLDN7 facilitates ZIKV infection in endothelial cells at a post-internalization
stage and prior to RNA production. Our work contributes to a better understanding of
the mechanisms exploited by ZIKV to ef ciently infect and replicate in endothelial cells
and thus of its ability to cross the BBB.

Keywords: avivirus, Zika virus, claudin, endothelial cells, infection, blood-brain barrier

INTRODUCTION

Zika virus (ZIKV) is an arbovirus from thElaviviridae family, which was rst isolated in
Uganda in 1947 [ick et al., 1952 It was initially disregarded as only sporadic and mild
cases were reported. With the virus outbreaks in the Paci c Islands and the Americas in 2015,
ZIKV received widespread attention. ese outbreaks were associated with neurological pathologies,
such as Guillain-Barré syndrom@go-Lormeau et al., 20)L@ongenital microcephalyfC@uchemez
et al., 2015 meningoencephalitisCarteaux et al., 20),6and myelitis lecharles et al., 20)L6
During ZIKV-induced neurological disorders, the virus is detected in the central nervous
system (CNS), and viral RNA can be ampli ed from the cerebrospinal uid of infected patients
(Roze et al., 2016

In normal condition, the CNS is protected from blood-borne pathogens by the blood-
brain barrier (BBB), a structure composed of astrocytes, pericytes, microglia cells, a basal
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membrane, and a continuous endothelium with tight junctionpf]ATERIALS AND METHODS
(Ballabh et al.,, 20040bermeier et al., 20)6In order to

penetrate the CNS, ZIKV must cross the BBB. ZIKV infectiogell Lines
induces BBB disruption in the later stages of the diseddeman kidney epithelial HEK 293T (ATCC, CRL-11268),
(Leda et al., 20)9as evidenced by brinogen di usion into human lung epithelial A549 (ATCC, CCL-185), and African
the CNS parenchyma P@nganiban et al., 200and green monkey kidney epithelial Vero E6 (ATCC, CRL-1586)
neuroinvasion of infected monocytes\y@la-Nunez et al., cells were maintained in high-glutamine and high-glucose
2019 de Carvalho et al., 20l%However, during early ZIKV DMEM (ermo sher) supplemented with 10% fetal bovine
infection stages, the BBB remains intact. is is also th&erum (FBS; ermo sher), 100J/ml penicillin and 100g/
case during infection with other aviviruse$/stafa et al., ml streptomycin (ermo sher). Aedes albopictu36/36 (ATCC,
2019, where neuroinvasion occurs by transcytosis or producti®eRL-1660) cells were maintained in Leibovitz's L-15 medium
infection of endothelial cell3(amley et al., 201 Mladinich  (ermo sher) supplemented with 10% FBS. Transformed
et al.,, 201;7Papa et al., 201 Tle et al., 2090 human bone marrow endothelial cells TTHBMEEc(weitzer
Zika virus has a broad tropism for human cell typesst al., 199) human cerebral microvascular endothelial cells
ZIKV enters cells by endocytosis in a pH-dependent mannghCMEC/D3; Merck, SCC066), and primary human umbilical
The factors favoring ZIKV entry is not well defined. Adsorptiorvein endothelial cells HUVEC (ATCC, CRL-1730) cells were
of the virus at the cell surface is mediated through heparamintained in complete EndoGRO Basal Medium (Merck)
sulfate proteoglycans (HSPG) and C-type lectin receptosapplemented with 5% FBS, 0.2% EndoGRO-LS supplement,
interaction Hamel et al., 201%im et al., 201}l Endocytosis 5ng/ml rhEGF, 10 mM -glutamine, 1 g/ml hydrocortisone
might involve apoptotic mimicry, as previously suggesteldemisuccinate, 0.7%ml heparan sulphate, and 5¢/ml ascorbic
for the related dengue virus (DENVsmara and Mercer, acid (Merck). Alternatively, hCMEC/D3 cells have been
2019. In vitro, ZIKV endocytosis is mediated throughmaintained in EBM-2 basal medium (Lonza) supplemented
recognition of phosphatidylserines present on the virakith 5% FBS, 1.9M hydrocortisone (Merck), 5g/ml ascorbic
envelope by members of the TAM family (i.e., TYRO3, AXlacid (Merck), 1% chemically de ned lipid concentrate (ermo
and MER) or TIM-1 receptorHamel et al., 2015Vieertens  sher), 1ng/ml human bFGF (Merck), 10 HEPES (ermo
et al., 2017Dejarnac et al., 20).8Although in vitro AXL  sher), and antibiotics. is culture condition was used when
depletion or the use of anti-AXL antibodies rendered celtompared to EndoGRO media. All cells were kept a4C 37
resistant to infectionl(u et al., 2016Meertens et al., 20),7 with 5% CQ except for C6/36 which were kept at°Q8
in vivo AXL (or members of the TAM family) knock-out with no CO.
in IFNAR /' mice had no significant effect on these mice
susceptibility to ZIKV infectionHastings et al., 201Wang Viruses

t al, 201y Th t | ts that th . . .

e ) e curren .mode suggests . tha eI'wo strains of ZIKV were used in this study: the AF/1991/
AXL-dependent signaling inhibits the antiviral |nterferonHD78788 strain (GenBank: KF383039) obtained in Senegal in
IFN thereb ti iral licatiofih . e : .

(IFN) response, thereby promoting viral replicationnen ﬁgl, which belongs to the African lineage, and the Brazil/2016/

et al., 201B Other factors have been proposed to act . ) . .
cell-type specific receptors for ZIKV, such as, for exampl MI1 strain (GenBank: KU991811) isolated during the 2016

. : : outbreak in Brazil, which belongs to the Asian lineage. Japanese
ntegrin V 5 and NCAML1 in neural stem cell$ t e >
Iet 6?' ! 2020Wang et al 2630 . (vastava encephalitis virus JEV/G3/RP-Rigng et al., 200%nd yellow-

Claudins (CLDNs) are a large family of transmembranféaver vaccine strain YFV/17D (GenBank: MG051217) were

proteins involved in cell-to-cell or cell-to-substrate interaction%;'seoI as controls, as ‘h‘?y are closely relateql 0 .ZIKV' Virus
(Krause et al., 2008 ey participate in the formation of stocks were pgoduced n .C6./36 cells. A!I__lnfectlons were
tight junctions and are therefore key components Oqerformed in 2% FBS media in BSL-3 faciliies.
physiological barriers. Upon avividae infection, BBB and
TJ are oen disrupted: infection with West Nile virus andGene Knockdown
classic swine fever virus both lead to claudin-1 degradati@ene knockdown was performed using lentiviral vectors carrying
(Medigeshi et al., 200®Roe et al., 2012Vang et al., 2091 shRNA. To produce these lentiviral vectors, HEK 293T cells
and Japanese encephalitis virus infection induces there co-transfected with psPAX2 (encoding HIV Gag/Pol,
degradation of claudin-5Chang et al., 20)5Claudins can 4.68 g; Addgene: 12260), pMD2.G [vesicular stomatitis virus
also directly participate in viral infectionCglpitts and G protein (VSV-G), 2.52g; Addgene: 12259], and pLKO.1
Baumert, 201)7 Within the Flaviviridaefamily, dengue viruses encoding the shRNA (TRC-Hs1.0 library,d GE Dharmacon).
use CLDN1 as a receptor in hepatocyteslier et al., 2009 Transfection was performed using LipoD-293 transfection reagent
Gao et al., 20)G@nd hepatitis C virus (HCV) exploits CLDN1, (Sinagen) according to the manufacturer’s recommendations.
6, and 9, as receptors in hepatocytesa(is et al., 2007 Aer 72h, supernatants were collected, centrifuged, and stored
Meertens et al., 20D8 at 8CC.

Herein, we studied the susceptibility of BBB endothelial Cells were exposed forh2to the lentivirus-containing
cells to ZIKV infection and identi ed CLDN7 as a key proviramedium, and gene expression was allowed foh 48en
factor in endothelial cells. transduced cells were selected witlg/inl Puromycin (Merck)
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for 2weeks. e obtained culture is thus a mix population of \jral Titration Assay

transduced cells. Supernatants were sequentially diluted 10-fold and inoculated
onto Vero E6 monolayers in 24-well plates. A dr ihcubation,
Microarray Analysis 2% carboxymethyl cellulose (CMC; Merck) overlay containing

Biotinylated single strand cDNA targets were prepare@” FBS culture medium was added to each well. For foci-
starting from 25Mg of total RNA, using the Ambion WT formation assays, plates were then incubated 4 3t 7.
Expression Kit (Cat # 4411974) and the Affymetrix Geng@hig-ollowing the incubation, CMC overlay was removed and a
WT Terminal Labeling Kit (Cat # 900671) according td®BS — paraformaldehyde 4% (Electron Microscopy Sciences)
Affymetrix recommendations. Following fragmentation andsolution was added into each well and incubated at room
end-labeling, 3g of cDNAs were hybridized for h6at temperature for 1Bin. Fixation solution was removed and
45°C on GeneChi@®Human Gene 2.0 ST arragaffymetrix) plates were washed three times with PBS. Cells were then
interrogating over 400,000 RefSeq transcripts and ~11,0p@meabilized with PBS — Triton 0.2% fani@, washed three
LncRNAs. The chips were washed and stained in tfignes, and incubated in blocking buer (PBS — Tween 20
GeneChigR)Fluidics Station 450 (Affymetrix) and scanned.1% — FBS 1%) for Bn followed by 4 incubation with

with the GeneChi@®Scanner 3000 7G (Affymetrix) at apan+lavivirusantibody 4G2 puri ed from the ATCC hybridoma.
resolution of 0.7m. Raw data (CEL Intensity files) werePlates were washed three times with PBS followed by an hour-
extracted from the scanned images using the AffymetrlRng incubation with a secondary antibody conjugated to
GeneChigRCommand Console (AGCC) version 4.1.2. CElorseradish peroxidase (Biorad). Detection was achieved using
files were further processed with Affymetrix Expressiofh€e VIP Peroxidase Assay (Vector) according to the manufacturers
Console software version 1.4.1 to calculate probe set sigiggommendations. Titer is expressed as foci-forming units (FFU).
intensities using Robust Multi-array Average (RMA) algorithms Alternatively, for plaque-formation assays, plates were

with default settings. Data have been loaded into Arrdicubated at 37C for 5days after adding the CMC overlay.
Express, accession number E-MTAB-10813. They were then washed and fixed as described earlier. Plates

were stained with a 1% crystal violet solution (Merck). Titer

Gene Expression Analysis is expressed as plaque-forming units (PFU).

Cellular RNA was extracted using the RNeasy Plus Mini

Kit (Qiagen), quantied (Nanodrop ND-1000) and 500 Replication Assay

was reverse-transcribed using the SuperScript Il Revelafected cells were washed with PBS, and cellular RNA was
Transcriptase (ermo sher) and random hexamer primers extracted using the Nucleospin 96 RNA kit (Macherey Nagel).
(Eurobio) with the following cycle: r2in at 953C; 90 min  One-step RT-gPCR was performed using the Power SYBR Green
at 42C; and 13nin at 70C (GeneAmp PCR System 9700RNA-to-C; kit (ermo sher) with the following protocol:
Applied Biosystems). SYBR Green RT-gPCR was performgginin at 48C, 10min at 95C followed by 40 cycles consisting
on 25ng of complementary DNA with iTag Universal SYBRof 155 at 95C, and nin at 60C (QuantStudio 6 Flex Real-
Green Supermix (Biorad) wusing primers listed inTime PCR System, Applied Biosystems). e melting curve was
Supplementary Table lwith the following protocol: 1®in  also obtained. Genome equivalent (GE) concentration was assessed
at 95C followed by 40ycles consisting of $5at 95C, 20s jth the standard curve method using known concentrations
at 60C, and 3@ at 72C (Mastercycler ep Realplex ermal of synthetic RNA fragments corresponding to the ZIKN&5

Cycler, Eppendorf). e melting curve was also obtained tocoding region and was normalized to GAPDH level.
control the ampli ed product. Relative expression was analyzed

using the C: method. . .
Functional enrichment analysis of the di erentially expresse@'nd'ng and Internalization Assay

Pre-chilled cells were incubated with ZIKV (multiplicity of

West Blot Analvsi infection — MOI 1 and 10) fortiat £C to block the internalization
estern blo r.]a ysIS - of the viruses. e cells were then washed three times with
.Cel'ls. were 'Vse‘.’ using RIPA bu er (Mergk) containing protgasgold PBS to remove unbound particles. Cell surface adsorbed
inhibitor cocktail (Merck) for 1®Bnin on ice. Cellular debris ZIKV particles was analyzed by harvesting RNA at this step.

were not pelleted since claudins oen accumulate in thE KV internalization was induced by adding warm medium

insoluble fraction. Whole cell lysates were heat-denatur%1 d keeping the cells at°&7for 2h. e cells were then treated

10°C for 10nir_1 in LDS Sarrplg Buer and 500M ODTT_ with trypsin (ermo sher) to remove un-internalized particles,
(Novex). Proteins were resolved on NUPAGE 4-12% Bis T Siis were pelleted, and RNA was harvested.

gel (Novex) in MOPS buer and were transferred to
nitrocellulose membranes (Trans Blot Turbo, Biorad).
Blocking followed by immunoblotting was performedlmmuno uorescence

on an iBind Flex Western Device (ermo sher) using Cells were xed with 4% paraformaldehyde (PFA; Sigma-Aldrich)
antibodies listed inSupplementary Table 2according to for 30min at room temperature, permeabilized with 0.5% Triton

the manufacturer’s recommendations. X-100 in PBS, and then blocked with PBS containing 0.05%
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Tween and 5% BSA before incubation with the anti-NS1 17Ap2rformed at 48 post-infection revealed that the levels of
antibody Gchul et al., 200.7 Antibody labeling was revealedintracellular viral RNA were similar in the three conditions
with Alexa Fluor 488-conjugated antibody. Coverslips wer&upplementary Figure L is suggests that the culture media
mounted on slides using ProLong Gold Antifade reagent witthoes not alter the cell-virus interactiper se e di erential
NucBlue solution (Invitrogen). Images were acquired with susceptibility observed in the two culture conditions likely

Zeiss LSM 700 inverted confocal microscope. depend on dierential gene expression.
We cultured hCMEC/D3 cells in EndoGRO or in EBM-2
Quanti cation and Statistical Analysis prior to infection. Infection and subsequent culture were then

Speci ¢ statistical tests used to analyze experimental dataf§ormed in DMEM. We found that viral replication e cacy
are described in the respective gure legends. GraphicdRS dependent on the mgdlum |n'wh|ch the cells were initially
representations and statistical analyses were performed usftfured Supplementary Figure P is suggests that the cells,
GraphPad Prism version 8.2 for MacOS (GraphPad So wardyfile being cultured in the dierent media, have acquired
Nonparametric tests were used, as we could not ascertain di4finsic dierences to ZIKV infection susceptibility.

the hypothesis for parametric tests were ful lled. When comparing

cells in the dierent media Higure 1 and Supplemental .
Figures 1, 2, two-way ANOVA (followed by Sidakfsost-hoc CgLS dﬁlu-lgu(l?lﬂé?l %r(])?ro]ga?gj (t)ovgreel)l(spress

tests) or the Mann-Whitney and Kruskal-Wallis tests were use .
(data are wunpaired). When comparing the knockdown ,u“ured n EBM'Z )

we considered paired tests as a single batch of cells fy4st, we examined whether hCMEC/D3 cells cultured in
transduced with the dierent shRNAs, and a new batch waie two media di erentially expressed AXL and other members
used for each replicate. erefore, two-way ANOVA (followed ©f the TAM family (i.e., TYRO3 and MER), which have
by Sidakpost-hodests) or Friedman tests (followed by Dunndeen found to regulate endothelial susceptibility to ZIKV

post-hodests) were used. Valuespdhdicated in gure legends (LU et al., 2016Richard et al., 20).7 Western blot analysis
corresponds to ANOVA result. revealed that AXL expression remained unchanged in either

medium Figure 2A). Similarly, we did not see any signi cant
dierence in the expression oAXL at the mRNA level
(Figure 2B). While TYRO3 and MER proteins are not

RESULTS detectable by western blot in hCMEC/D3 cells, we found
. that the mRNA levels of YRO3and MER were comparable

The Susceptibility of hCMEC/D3 Cells to in both media Eigure 2B).

ZIKV Infection Depends on the Culture We compared the transcriptome of hCMEC/D3 cells cultured

Medium in EBM-2 and in EndoGRO to identify cellular genes that

e human cerebral microvascular endothelial cell line hCMEC/could account for di erences in susceptibility. Microarray analysis
D3 is a widely used model fan vitro human BBB studies showed that the expression of most genes was le unchanged
(Weksler et al., 2005Since ZIKV neuroinvasion relies on ain the two conditions, at the exception of 101 genes, which
productive infection of BBB endothelial cellsu(et al., 2016 were upregulated in cells cultured in EBM-2 as compared to
Mladinich et al., 20L7Papa et al., 201 Richard et al., 2017 cells cultured in EndoGRO, and of 38 genes that were upregulated
Cle et al.,, 2090 we examined the susceptibility to ZIKVin cells cultured in EndoGRO as compared to EBM-2 cultured
infection of hCMEC/D3 cells. cells Figure 2C and Supplementary Tables &nd 4).

We conrmed using RT-gPCR analysis that hCMEC/D3 Among the proteins expressed at higher level in EndoGRO
cells can be productively infected with an African ZIKV straimedium than in EBM-2, we identied Claudin-7 (CLDN?7).
(Figures 1AB). e cells released infectious particles is gene caught our attention as claudins have been identi ed
(Figures 1CD), indicating that a complete viral replicationas modulators of cellular sensitivity to viruses from the
cycle. Intriguingly, we found a di erence in infection e ciency Flaviviridaefamily (Colpitts and Baumert, 20).7e endogenous
that was dependent on the cell culture medium, both in ternmotein expression levels of CLDN7 could not be detected at
of viral RNA vyield and production of infectious particlesthe protein level in endothelial cells, as previously reported
(Figure 1, EndoGRO vs. EBM-2). Di erences were more markefi/u et al., 2009Supplementary Figure B It was, however,
at a lower MOI Figures 1AC vs. Figures 1BD). Similar detected in A549 and HEK 293T epithelial cells. Of note,
di erences in viral susceptibility were observed with a Brazilia®@LDN7 could only be detected when analyzing whole cell
ZIKV strain (belonging to the Asian lineage), ath7fost- lysates (i.e., non-centrifuged, comprising the insoluble fraction).
infection (Figures 1EF). RT-gPCR analysis con rmed th&LDN7 mRNA abundance

Our rst hypothesis was that factors present in the mediurincreased in cells grown in EndoGRO when compared to cells
could interfere with viral infectivity. To test this, we suspendecultured in EBM-2 Figure 2D), consistent with the microarray
the viral stock in one or the other medium (or in DMEManalysis. In contrast, the mRNA levelsGifDN5 and CLDN3
as a control) and the inoculum was let to adsorb forod — the other predominant claudins expressed in hCMEC/D3
hCMEC/D3 (previously cultured in EndoGRO). Cells were thegells {Veksler et al.,, 2005/u et al., 2009Schrade et al.,
washed and cultured in EndoGRO for&RT-gPCR analysis 2012 Urich et al., 2012— were unchanged. Of note, at the
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FIGURE 1 | Culture medium alters hCMEC/D3 susceptibility to Zika virus (ZIKV) infectid,B) Time-course quanti cation of viral RNA through RT-gPCR in
hCMEC/D3 cells cultured in EBM-2 (red) or EndoGRO (blue) and infected with the African HD78788 ZIKV stréh).Cells were infected at a MOI of 1r{=4
independent experiments).(B) Cells were infected at a MOI of 0.1r{=3 independent experiments)(C,D) Time-course quanti cation of viral production in the
supernatant of hCMEC/D3 cells cultured in EBM-2 (red) or EndoGRO (blue) and infected with the African HD78788 ZIKV stré).Cells were infected at a MOI of 1
(n=4 independent experiments),(D) Cells were infected at a MOI of 0.1r{=3 independent experiments).(E,F) Quanti cation at 72h post-infection of viral RNA
through RT-qPCR in hCMEC/D3 cells cultured in EndoGRO or EBM-2 and infected with the Brazilian INMI1 ZIKV stréf).Cells were infected at a MOI of 1r{=3
independent experiments)(F) Cells were infected at a MOI of 0.1r{=3 independent experiments). For each sample point, the experiment was performed in
triplicate (each data point is the mean of three wells). Experiments were performed three or four times, as indicated. Data are presented as me8EM. Statistical
signi cance was obtained using 2-Way ANOVA tests with Sidak'post-hoc for (A—-D) and Mann-Whitney test for(E,F). Indicated value ofp represents the difference
for the “culture medium” factor. p 0.05 (post-hoc corrected value ofp). See alsoSupplementary Figure 1 .
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FIGURE 2 | Differential gene expression in hCMEC/D3 depending on culture mediunA) hCMEC/D3 cells were cultured in EndoGRO or EBM-2, and cell lysates
were processed by western blot for studying expression levels of AXL and claudin-5-Tubulin serves as loading control(B) hCMEC/D3 cells were cultured in
EndoGRO or EBM-2, and mRNA levels foAXL, TYRO3 and MERTKin EndoGRO relative to EBM-2 were quanti edr{=4 independent experiments).(C) hCMEC/
D3 cells were cultured in EndoGRO or EBM-2, and mRNA was processed on an Affymetrix GeneChip Human Gene 2.08F 8 independent experiments). The
volcano plot presents the relative expression change of human genes in EndoGRO relative to EBM-2 and the statistical signi cance of the change. Thresholds
(displayed as grey lines)p <107, relative expression <0.5 and relative expression >ZD) hCMEC/D3 cells were cultured in EndoGRO or EBM-2, and mRNA levels
for CLDN3, CLDN5, and CLDN7 in EndoGRO relative to EBM-2 were quanti edr{=4 independent experiments). Data are presented as meahSEM.

protein level CLDN5expression was comparable in the di erentover 2veeks by puromycin treatment. e obtained cultures
conditions Figure 2A). were a mix of populations of transduced cells.
As CLDN7 cannot be detected by western blot in hCMEC/

D3 cells upplementary Figure 3 Knockdown was validated
Downregulation of Claudin -7 Reduces by RT-gPCR on cellular mRNASgpplementary Figure %
hCMEC/D3 Susceptibility to ZIKV Infection As half-life of claudins is short (6-12van ltallie et al., 20)9
We hypothesized that the ability of ZIKV to replicate mor®@ne can assume that a signi cant reduction in claudin mRNA
e ciently in cells grown in the EndoGRO medium, as comparedeads to reduced protein levels. Of nGeDN5seems consistently
to cells grown in EBM-2, could be (at least partially) due tverexpressed in tt@L.DN7%KD cells Supplementary Figure %
di erences in CLDN7 expression levels. Transductionper sehad no signi cant impact on hCMEC/

To test the impact c€ELDN7 knockdown (KD) on hCMEC/ D3 susceptibility (i.e., production of viral RNA and infectious

D3 susceptibility to African ZIKV infection, hCMEC/D3 cellsparticles) to ZIKV since hCMEC/D3 cells transduced with a
were transduced with lentiviral vectors expressing shRNantiviral vector expressing a control shRNA (CTRL) were as
sequences targetifgLDN7 or, as controlsCLDNS5 transcripts  susceptible as non-transduced (WT) hCMEC/D3 cells
or non-targeting shRNAs (CTRL). Transduced cells were select€igures 3AB). KD of CLDN5 did not alter viral replication
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A B
C D
E F

FIGURE 3 | CLDN7-Knockdown alters hCMEC/D3 susceptibility to ZIKV infection. The hCMEC/D3 cells were transduced with lentivectors containing shRNAs
targeting CLDN5 and CLDN?7 transcripts or a non-targeting control shRNA (CTRL(A) Time-course quanti cation of viral RNA through RT-qPCR in transduced
hCMEC/D3 cells infected with HD78788 ZIKV at a MOI of In[=3 independent experiments,p=0.03 (2-Way ANOVA, Sidak'spost-hoc)]. (B) Time-course

quanti cation of viral production in the supernatant in transduced hCMEC/D3 cells infected with HD78788 ZIKV at a MOI ofri43 independent experiments,
p=0.01 (2-Way ANOVA, Sidak'spost-hoc)]. (C) Quanti cation at 72h post-infection of viral RNA through RT-qPCR in transduced hCMEC/D3 cells infected with
INMI1 ZIKV at a MOI of 1§=6 independent experiments,p<0.0001 (Friedman test, Dunn’spost-hoc)]. (D) Quanti cation at 72 h post-infection of viral production in
the supernatant in transduced hCMEC/D3 cells infected with INMI1 ZIKV at a MOI of & § 6 independent experiments,p <0.0001 (Friedman test, Dunn’s
post-hoc)]. (E) Quanti cation at 48 h post-infection of viral production in the supernatant in transduced hCMEC/D3 cells infected with RP9 JEV at a MOI ofri=3
independent experiments,p=0.07 (Friedman test, Dunn’spost-hoc)]. (F) Quanti cation at 48 h post-infection of viral production in the supernatant in transduced
hCMEC/D3 cells infected with 17D YFV at a MOI of In[=3 independent experiments,p<0.001 (Friedman test, Dunn’'spost-hoc)]. Each experiment was performed
in triplicate. Data are presented as meast SEM. **p 0.001; **p 0.01;*p 0.05; ns, p>0.05 (post-hoc corrected value ofp). See alsoSupplementary Figure 4 .
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and production Figures 3AB). In contrast, viral replication and CLDN7-KD cells, suggesting that CLDN7 is dispensable
and production were signi cantly reduced @LDN7KD cells, for ZIKV binding to cell membranes.
as compared to control cellBigures 3AB). CLDN7 expression We next tested whether CLDN7 was involved in virus
was also required for optimal replication of the Brazilian straimternalization. Following a K incubation at 4C, cells were
of ZIKV (Figures 3CD), as shown by RT-gPCR analysis. cultured at 37C for 2h. Cells were treated with trypsin to
Together these data demonstrate tl@tDN7 expression remove non-internalized viral particles. Quanti cation of
favors ZIKV infection in hCMEC/D3 cells. Importantly, Japanesiatracellular ZIKV RNA present in the cells, representing
encephalitis and yellow fever viruses, both closely relatedimternalized particles, showed no signi cant di erence between
ZIKV, were replicating as e ciently in control hCMEC/D3 the control cells andCLDN7#KD hCMEC/D3 cells at MOI 1
cells than inCLDN7KD cells Figures 3EF). is demonstrates and 10 Figures 5CD), suggesting that CLDN7 does not
that CLDN7is speci cally involved in hCMEC/D3 susceptibility contribute to ZIKV internalization.

to ZIKV infection. e proportion of infected hCMEC/D3 cells was determined
using staining against the viral non-structural protein NS1 at
Claudin-7 KD Reduced Suscenptibility to 16h_ po_st-infection_, and a time that corresponds to a unique
ZIKV Infection of Endothelial Cglls b%ljt Not replication cycle Kigures 5E 6). At a MOI of 1, around 11%
. . ! hCMEC/D3 cells were expressing the NS1 protein. In contrast,
Epithelial Cells

. I . - in CLDN7KD cells, only around 4% of cells were positive
Weh(e:\:\hdsgfsg theh co\r/]\t/rlbutlon _QTLdDNZ]n:kéIL}EVNrYelecatl?n for NS1, independently of the shRNA that was used. ese
n cells. Ve examined whe was alS0 gata conrm our previous RT-gPCR and titration analyses

favoring ZIKV infection in two other endothelial cell lines:
bone marrow endothelial cells (TTHBMEC) and umbilical vei
endothelial cells (HUVEC). We also tested the e ect of silenci
CLDNY7 expression in two epithelial cell lines: alveolar bas igure 6.

cells (A549) and embryonic kidney cells (HEK 293T). Together these results demonstrate  thafLDN7

f Knoc”k?own euelncy v;/as \Ilzglldatedszy R\'/I’\;qPCR .!j” thgs?jownregulation does not a ect viral attachment or internalization
our cell lines upplementary Figures 5A- We considere but reduces the number of cells expressing the viral protein

or;l.yfcelll_sluv\\cgca d CHZTEP((Coerg_?red Ito wT (;]elg;)Algwgr tgan S1, suggesting that CLDN7 facilitates viral replication at a
, for an » Only one s -derived ce ost-entry stage but prior to viral protein translation.

line (out of ve tested) was considered for further analysis
(Supplementary Figures 5A-D For epithelial cells,
downregulation was validated at the protein level by weste
blot analysis Supplementary Figures 5E)F 8|SCUSS|ON

We found that downregulation @LDN7signi cantly reduced Since its emergence in the Pacic Islands and the Americas

infectious particle production in both endothelial cell typesy, 5415 71Ky is classied as a neurotropic virus. Numerous
TrHBMEC (Figure 44) and HUVEC Figure 4B. In contrast, reports have evidenced its neuroinvasion and neurovirulence

no S|gn|can.t di erence In viral yield was observgd UPOMpilities. e access of ZIKV to the CNS purportedly requires
CLDN?',KD in A549 .Elgu.re 4Q_and HEK 293T gp|thel|al productive infection of BBB endothelial cellsu(et al., 2010
cells Figure 4D). Likewise, viral RNA production was Miadinich et al., 2017Papa et al., 201Tle et al., 2030

signi cantly reduced irCLDN7KD endothelial cells as compared We con rmed that human BBB endothelial cells are susceptible
to control cells Figures 4EF) but not in epithelial cells to ZIKV infection (iu et al., 2010Mladinich et al., 2017

(Figures 4GH). __Papa et al, 201Tle et al., 2090 ere are two commercially

: Our data_ demonstrate tha_t CLD_N7_favors ZIKV reF)l'Cz’mor};waiIable media for the culture of cerebral endothelial cell.

in endothelial cells but not in epithelial cells. Intriguingly, we found that hCMEC/D3 cells were more
susceptible to viral infection when cultured in EndoGRO than

Claudin-7 Is Not Involved in the Early in EBM-2. We found that di erences in susceptibility are likely

Steps of the Viral Cycle due to medium-induced changes in the expression prole of

We next assessed which step of the viral cycle required H@&VEC/D3. Microarray analysis revealed that cells cultured

expression of CLDN7. To determine whether CLDN7 coulth EndoGRO expressed signi cantly mo@.DN7 than cells

be involved in viral adsorption to the cell membrane, hCMEQjrown in EBM-2.

D3 cells were infected with ZIKV forhlat £C, which allows Although the complete composition of the media is not

viral binding but prevents virus internalization. Unbound viruseswvailable, we know that EBM-2 is supplemented with bFGF

were then removed through extensive washing. ZIKV RN#hile EndoGRO is supplemented with rhEGF. As previous

levels, corresponding to virions that remained attached to cptpers have shown that epithelial cells overexpress CLDN7

membranes, were quanti ed by RT-gPCR analysis. As expectappn EGF stimulation Eorok et al., 1996Chen et al., 2005

more viral particles were bound to the cells when incubatéebrretti et al., 20)7 we could hypothesize that CLDN7

at a MOI of 10 than at a MOI of Figures 5AB). However, overexpression may be, at least partially, due to the presence

no dierence in viral RNA yield was detected between WW®f rhEGF in EndoGRO. However, the transcriptomic di erences

Figure 3 and thus further validate the role of CLDN7 as a
roviral factor in endothelial cells. Of note, the distribution
NS1 was comparable in infected WT and CLDN7-KD cells
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FIGURE 4 | CLDN7-Knockdown alterations are limited to endothelial cells. TTHBMEC, HUVEC, A549, and HEK 293T cells were transduced with lentivectors
containing shRNAs targeting CLDN7 transcripts or a non-targeting control shRNA (CTRI(A) Relative quanti cation at 48h post-infection of viral production in the
supernatant in transduced TrHBMEC cells infected with HD78788 ZIKV at a MOI of & 3 independent experiments,p=0.011 (Friedman test, Dunn’spost-hoc)].
(B) Relative quanti cation at 48h post-infection of viral production in the supernatant in transduced HUVEC cells infected with HD78788 ZIKV at a MOI oht:B
independent experiments,p =0.0087 (Friedman test, Dunn’spost-hoc)]. (C) Relative quanti cation at 48h post-infection of viral production in the supernatant in
transduced A549 cells infected with HD78788 ZIKV at a MOI of In[=3 independent experiments,p>0.05 (Friedman test, Dunn’spost-hoc)]. (D) Relative

quanti cation at 48 h post-infection of viral production in the supernatant in transduced HEK 293T cells infected with HD78788 ZIKV at a MOI ofnt=[3 independent
experiments,p>0.05 (Friedman test, Dunn’spost-hoc)]. (E) Relative quanti cation at 48h post-infection of viral replication in transduced TrHBMEC cells infected
with HD78788 ZIKV at a MOI of 1fi=3 independent experiments,p=0.005 (Friedman test, Dunn’spost-hoc)]. (F) Relative quanti cation at 48h post-infection of
viral replication in transduced HUVEC cells infected with HD78788 ZIKV at a MOI ofriq43 independent experiments,p=0.045 (Friedman test, Dunn’spost-hoc)].
(G) Relative quanti cation at 48h post-infection of viral replication in transduced A549 cells infected with HD78788 ZIKV at a MOl of 143 independent
experiments,p>0.05 (Friedman test, Dunn’spost-hoc)]. (H) Relative quanti cation at 48h post-infection of viral replication in transduced HEK 293T cells infected
with HD78788 ZIKV at a MOI of 11i=3 independent experiments,p>0.05 (Friedman test, Dunn'spost-hoc)]. Each experiment was performed in triplicate. Data are
presented as meant SEM. *p 0.05; ns, p>0.05 (post-hoc corrected value ofp). See alsoSupplementary Figure 4 .

(Supplementary Tables 3and 4) cannot be fully attributed grown in the two media. Indeed, the replication curves
to the dierences between EGF and FGF signaling: functionlaétween CLDN7-KD cells and cells cultured in EBM-2 are
enrichment analysis using the so ware FunRich 3.1.3 did nobt comparable at a MOI of IFigure 1A vs. Figure 3A).
evidenced a signicant EGF-related signature. Othebther cellular factors (as detected in the microarray) are
elements in the media likely participate in media-inducethus likely to be at play and contribute to the dierences
transcriptomic di erences. in viral susceptibility.

As reported in other studies, we found that CLDN7 protein The importance of claudins in the infection of other
expression was not detectable using western blot analysiembers of theFlaviviridae family has been previously
and commercially available antibodié&i(et al., 2000 us, reported Colpitts and Baumert, 20).7In particular, CLDN1
we used CLDN7 mRNA abundance as a proxy@abDN7 is a major entry receptor for both HCV and dengue viruses
expression. Stable shRNA-mediated CLDN7 downregulation hepatocytes Hvans et al., 20).7Claudins form a large
impaired ZIKV replication in hCMEC/D3 cells and two otherfamily of 24 members that are differentially expressed across
endothelial cell lines (i.e., HUVEC and HBMEC cells). Howevdissues rause et al., 2008There could be some redundancy
the di erential expression o€ELDN7 may not solely explain between claudins as viruses might be able to interact with
the dierences in susceptibility observed between the cebsvariety of them. For instance, HCV can use CLDN6 and
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FIGURE 5 | CLDN7-Knockdown does not alter the early steps of ZIKV cycle. The hCMEC/D3 cells were transduced with lentivectors containing shRNAs targeting
CLDNS5 and CLDN?7 transcripts or a non-targeting control sShRNA (CTRL(A,B) Binding of HD78788 ZIKV to transduced hCMEC/D3 cells, quanti cation of viral
RNA through RT-gPCR in cells culture with the virus for i at 4°C and extensively washed(A) Cells were infected at a MOI of 11j=3 independent experiments,
p>0.05 (Friedman test, Dunn’spost-hoc)]. (B) Cells were infected at a MOI of 10ff=5 independent experiments,p>0.05 (Friedman test, Dunn'spost-hoc)]. (C,D)
Internalization of HD78788 ZIKV in transduced hCMEC/D3 cells, quanti cation of viral RNA through RT-gPCR in cells from the binding assay furthermore kept for
at 37°C followed by removal of un-internalized viriongC) Cells were infected at a MOI of 11j=3 independent experiments,p>0.05 (Friedman test, Dunn’spost-
hoc)]. (D) Cells were infected at a MOI of 101 =3 independent experiments,p >0.05 (Friedman test, Dunn'spost-hoc)]. (E) Transduced hCMEC/D3 cells were
infected with a MOI of 1 and kept for 16h to allow the virus to complete one replication cycle. Cells were stained with anti-NS1 antibodies and DAPI. ZIKV NS1-
positive hCMEC/D3 cells were quanti ed (=2 independent experiments). Each experiment was performed in triplicate. Data are presented as meaSEM. ns,
p>0.05 (post-hoc corrected value ofp).

N

CLDN9 as alternative receptors to CLDNlegrtens et al., lectin receptors, such as DC-SIGNa(el et al., 2015<im
2009. Such redundancy may explain why KD of CLDN7 iret al., 201)/ Di erent internalization paths have been proposed
epithelial cells had no impact on viral replication. Thestr ZIKV. For instance, the AXL-dependent internalization
cells express many claudins, which may substitute CLDN#ould mimic the internalization of apoptotic bodiggeertens
The nature of the claudins used by ZIKV may thus be celt al., 201)/ Internalization could also occur upon usage of
type or tissue specific. integrins {Vang et al., 2030 sialic-acids T{an et al., 20109
Viral infection is carried out through several distinct stepsor HSP70 Rujhari et al., 20)9 It is unclear whether viruses
First, the virus is adsorbed at the cell surface, which is mediatedt exploit these dierent receptors end up in the same
by the interaction of the viral envelope with HSPG or C-typendosomal compartment or whether their fate depends on
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context of HCV infection Henedicto et al., 20R9

It could also have a more indirect function, such as regulating
viral  trafficking  within endosomal compartments.
Unfortunately, subcellular colocalization of CLDN7 and the
virus could not be investigated in our system, as endogenous
CLDN7 was not detectable by immunofluorescence.

In conclusion, we have found that CLDN7 is a susceptibility
factor to ZIKV infection in endothelial cells. is nding
provides functional insights into the mechanisms leading to
ZIKV susceptibility in human endothelial celis vivo and
may be subsequently used as a novel target for antiviral drug
development to prevent BBB disruption associated with ZIKV-
related neurological disorders.
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