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ARTICLE INFO ABSTRACT

Keywords: Human circulating monocytes are established targets for Zika virus (ZIKV) infection. Because of their important
Fla"i"irus ) migratory properties toward any tissues, including the central nervous system (CNS), a better understanding of
Neuroinvasion the mechanisms underlying monocyte transmigration upon ZIKV infection is required. Here, we monitored
f\}crg)nskeleton adhesion, migration and transmigration properties of monocytes exposed to ZIKV. We found that ZIKV enhanced
Rho GTPase monocyte adhesion on collagen compared to mock-exposed samples, and that pharmacological inhibition of
Endothelium mDia and Cdc42 function induced a significant decrease of adhesion in both mock- and ZIKV-exposed monocytes.

In contrast, monocyte migration through collagen was inhibited by most of the tested small molecules targeting
regulators of actin polymerization, including Racl, ROCK, Cdc42, mDia, Arp2/3, Myosin-II and LFA-1. ZIKV-
exposed monocyte migration showed a very similar profile to that of their mock-exposed counterparts. Finally,
assessment of monocyte transmigration through human cerebral microvascular endothelial cells (hCMEC/D3)
showed dependency on Racl, ROCK, and Cdc42, independently of their infection status. In contrast, we iden-
tified that BIRT377, an antagonist of LFA-1, significantly inhibited transmigration of ZIKV-exposed but not mock-
exposed monocytes. As BIRT377 increased adhesion of ZIKV-exposed monocytes, we propose that LFA-1 might
be involved in a post-adhesion step to enhance viro-induced transmigration. These data suggest that ZIKV
exposure triggers specific migratory properties of monocytes that are not exploited under physiological condi-
tions. This work provides further insights on virus-host interactions important for viral neuroinvasion and offers
novel targets to specifically inhibit the infiltration of infected cells to the CNS.

Summary sentence: Monocyte transmigration involves massive actin cytoskeleton reorganization regulated by
small Rho GTPases and integrins, which can be subverted by viruses.

from the host are subverted to allow ZIKV virions to travel from their
entry site toward tissues. This is particularly important for the

1. Introduction

Zika virus (ZIKV) is a public health concern worldwide (Lessler et al.,
2016) for which no approved vaccine or drugs are currently available.
ZIKV is a blood-borne pathogen from the Flaviviridae family that is
transmitted through the bite of an infected mosquito from the Aedes
genus, mainly Aedes aegypti. The most severe complications include fetal
microcephaly in pregnant women, as well as other neurological disor-
ders in fetuses, but also in newborns, infants and adults, including
Guillain-Barré syndrome and altered functional connectivity between
brain areas involved in social and emotional behaviors (Lessler et al.,
2016; Li et al., 2016a; Baud et al., 2017; Pierson and Diamond, 2018;
Mavigner et al., 2018; Raper et al., 2020). The wide dissemination of the
virus within the body suggests that molecular and cellular mechanisms

difficult-to-access brain sanctuary. ZIKV efficiently invades and persists
within the brain (Aid et al., 2017; Hirsch et al., 2017; Bhatnagar et al.,
2017) and exhibits a preferential tropism for human neural progenitor
cells (hNPCs), which are key players in the development of
ZIKV-induced neurological disease (Li et al., 2016a, 2016a; Yockey
et al., 2016; Tang et al., 2016).

To be protected and reach remote tissues, viruses can hide inside
cells from the bloodstream and be transported through the blood-brain
barrier (BBB), a phenomenon referred to as the Trojan Horse strategy,
proposed over 35 years ago (Peluso et al., 1985). Several studies have
previously shown that viruses, including ZIKV, exploit and enhance this
pathway (Peluso et al., 1985; Li et al., 2016b; Laval et al., 2015; Paul
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et al., 2017; Tiong et al., 2018; Ayala-Nunez et al., 2019), but the un-
derlying molecular mechanisms leading to increased cell migration have
not been investigated in detail. We have previously shown that ZIKV
induces the overexpression of several attachment factors at the surface
of circulating human monocytes, leading to increased monocyte
attachment and transmigration through endothelial cells in vitro and in
zebrafish (Ayala-Nunez et al., 2019). It has also been previously re-
ported using differential proteomic analysis that several integrins, focal
adhesion (FA) and actin-related proteins were up-regulated in
ZIKV-exposed monocytes.

Integrins and FA proteins are involved in several steps of the trans-
migration process. Indeed, depending on integrin expression at the
surface, adhesion of the migratory cells to the endothelium would shift

A B
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from light to firm adhesion. On the other hand, some integrins have also
been described as involved in the diapedesis process by competing with
tight junction interaction proteins of the monolayer (Ostermann et al.,
2002; Weber et al., 2007). Integrin interaction with a ligand leads to a
signalization cascade which results in integrin assembly and disas-
sembly, a process in association with actin-binding proteins
(Vicente-Manzanares et al., 2009).

In cells, actin dynamics are mainly regulated by Cdc42, Racl and
RhoA, three highly conserved members of family of small Rho GTPases
(Hall, 1998). Among them, Cdc42 and Racl are mostly involved in the
regulation of cell protrusions, while RhoA is responsible for controlling
cell contractility. Furthermore, virus targeting of Rho GTPases favors
cell entry and replication (Van den Broeke et al., 2014). However, the
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Fig. 1. Impact of ZIKV infection on the pharmacological inhibition of monocyte adhesion. (A) Representative scheme of an adhesion assay with a well coated
with recombinant fibronectin and human primary monocytes added on top. (B) The bar graph represents the relative number of adherent monocytes on fibronectin,
infected for 48 h with ZIKV or not (Mock). This assay was measure using CellTiter Glo. Each bar graph represents the pull of six healthy donors in duplicate and
showing the mean + SD from three individual experiments. (C-D) The bar graph represents the relative number of non-infected (C) or ZIKV-infected (D) monocytes
adherent on fibronectin and treated with drugs targeting Racl (Racl inh, 50 uM), mDia (IMM-01, 30 uM), ROCK (Y-27632, 30 uM), Cdc42 (ML141, 50 uM), Arp2/3
(CK666, 30 uM), class 2 Myosins (Blebbistatin, 50 uM), LFA-1 (BIRT-377, 30 uM), FAK (PND, 1 uM) and neutralizing antibody against IgG (negative control) and
integrin p1 (ITGB1/CD29). This assay was measured using CellTiter Glo. Each bar graph represents the pull of six healthy donors in duplicate and showing the mean
+ SD from three individual experiments. (E) The bar graph represents the ratio of adherent ZIKV- infected monocytes compared to Mock-infected monocytes from the
experiment in (C) and (D). (F) The bar graph represents the cytotoxicity in each experiment measured by LDH assay. The bar graph shows mean +/- SD from the
monocytes obtained from 6 individual donors, performed in duplicates in three independent experiments. Unpaired student T-test p value < 0.05 (*), < 0.01 (**), <
0.005 (***), < 0.0001 (****); ns: non-significant. (G) The bar graph represents the monocytes viability measured by CellTiter Glo assay. The bar graph shows mean
+/- SD from the monocytes performed in quadruplicate in one experiment.
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impact of these Rho GTPase on virus-induced cell migration remains
mostly unexplored.

2. Results

Our previous work highlighted that human primary monocytes
exposed to ZIKV were over-expressing proteins involved in actin dy-
namics and FA (Ayala-Nunez et al., 2019). Human primary monocytes
do not typically form FA (Kameritsch and Renkawitz, 2020) and we
hence decided to further investigate what are the mechanisms under-
lying the impact of ZIKV on monocyte adhesion and migration. First, we
validated our assay by comparing the ability of human primary mono-
cytes to adhere on fibronectin upon exposure to ZIKV (Fig. 1A). We
chose to focus on fibronectin adhesion as BBB-derived endothelial
hCMEC/D3 cells exibit significant fibronectin coating on their apical
side, and monocytes adhere more onto fibronectin than onto collagen
(Suppl. Figure S1A-B). We confirmed that ZIKV-exposed monocytes
adhere significantly more on fibronectin than their mock-infected
counterparts (Fig. 1B). Next, we evaluated the impact of drugs target-
ing Racl, mDia (IMMO01), ROCK (Y27632), ML141 (Cdc42), Arp2/3
(CK666), class 2 Myosins (Bleb), LFA-1 (BIRT377), and focal adhesion
kinase (FAK) PND-1186 (PND). We also used a neutralizing antibody
targeting integrin bl (ITGB1) as well as an isotype control (IgG). We
found that targeting mDia and Cdc42 induced a significant decrease of
monocyte adhesion in mock-exposed as well as ZIKV-exposed cells
(Fig. 1C-D). The mock-exposed monocytes also showed increased
adhesion properties upon treatment with IgG control and anti-ITGB1
antibodies (Fig. 1C), suggesting that antibody treatment may
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non-specifically increase monocyte adhesion. Differential analysis of the
dataset showed that ZIKV-exposed monocytes were more dependent on
mDia for adhesion than their mock-exposed counterpart (Fig. 1E).
Antibody treatment also had a differential impact on ZIKV versus
mock-exposed monocytes, although the lack of specificity of these
conditions prevents interpretation. These treatments had no significant
cytotoxicity on mock- or ZIKV-exposed monocytes using LDH assay,
while CellTiter Glo assay showed decreased viability for the ML141
condition (Fig. 1F-G). Of note, the expression of CD16 and CD11b, two
markers of monocytic polarization, were not significantly changed by
the treatments (Suppl. Figure S2A-B)FA.

As collagen is present at the basal membrane of endothelial cells, we
next evaluated the ability of monocytes to migrate through a collagen
layer using 5-um porous transwells pre-coated with type I collagen (in
the absence of endothelium; Fig. 2A). The bottom chamber of the
transwell corresponds to monocytes that successfully migrated through
the collagen. Comparison of migration capacities of mock- versus ZIKV-
exposed monocytes showed no statistically significant differences be-
tween the two conditions (Fig. 2B). However, most of the compounds
tested had a significant impact on monocyte migration (Fig. 2C-D). Only
the FAK inhibitor (PND) had no significant effect on monocyte migra-
tion, which can be explained by the mostly amoeboid nature of the
migration of monocytes, which form immature FA (Kameritsch and
Renkawitz, 2020). Differential analysis of ZIKV/mock-exposed mono-
cyte migration did not reveal any significant difference (Fig. 2E), indi-
cating that similar strategies are used by monocytes during migration
through collagen, independently of their infection status.

The transmigration of monocytes through a BBB-like endothelial
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Fig. 2. Impact of ZIKV infection on the pharmacological inhibition of monocyte migration. (A) Representative scheme of a migration assay with a transwell
coated with fibronectin and human primary monocytes added on top. (B) The bar graph represents the relative number of migrated monocytes harvested at the
bottom of the well, infected with ZIKV for 48 h or not (Mock). This assay was measure using CellTiter Glo. Each bar graph represents the pull of four healthy donors in
duplicate and showing the mean + SD from three individual experiments. (C-D) The bar graph represents the relative number of non-exposed (C) or ZIKV-exposed
(D) migrated monocytes and treated with molecules targeting Racl (Racl inh, 50 uM), mDia (IMM-01, 30 uM), ROCK (Y-27632, 30 uM), Cdc42 (ML141, 50 uM),
Arp2/3 (CK666, 30 uM), class 2 Myosins (Blebbistatin, 50 uM), LFA-1 (BIRT-377, 30 uM), FAK (PND, 1 uM) and neutralizing antibody against IgG (negative control)
and integrin 1 (ITGB1). This assay was measure using CellTiter Glo. Each bar graph represents the pool of four healthy donors in duplicate and showing the mean +
SD from three individual experiments. (E) The bar graph represents the ratio of migrated ZIKV-infected monocytes compared to Mock-infected monocytes from the
experiment in (C) and (D). The bar graph shows mean +/- SD from monocytes obtained from four healthy donors, performed in duplicates in three independent
experiments. Unpaired student T-test p value < 0.05 (*), < 0.01 (**), < 0.005 (***), < 0.0001 (****); ns: non-significant.
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wall requires additional migratory properties, as monocytes need to
squeeze through this endothelial fence. To study the impact of ZIKV on
monocyte transmigration, BBB-derived endothelial hCMEC/D3 cells
were seeded on 5-um porous collagen-treated transwells and monocytes
were allowed to transmigrate overnight in the presence of indicated
compounds (Fig. 3A). As previously reported (Ayala-Nunez et al., 2019),
we found that monocytes exposed to ZIKV transmigrated significantly
more through endothelial cells than their non-exposed counterparts
(Fig. 3B). All three Rho GTPase Racl, ROCK and Cdc42 inhibitors
significantly decreased monocyte transmigration in mock- and
ZIKV-exposed monocytes (Fig. 3C-D). Although we cannot distinguish
whether the effects of the inhibitors are due to their action on mono-
cytes, endothelial cells or both, the impact of the inhibitors on the
endothelium was evaluated by monitoring the distribution of
VE-Cadherin in hCMEC/D3 cells. No visible perturbations of
VE-Cadherin junctions on the endothelium were observed upon treat-
ment with mDia, Arp2/3 and ROCK inhibitor, while Cdc42 inhibitor
ML141 resulted in a disrupted endothelial monolayer (Suppl. Figure S3).

Differential analysis confirmed that ZIKV-exposed monocytes use
Rho GTPases similarly to their mock-exposed counterparts (Fig. 3E).
Interestingly, BIRT377, an inhibitor of LFA-1, did not impact mock-
exposed monocyte transmigration (and actually tended to increase it)
(Fig. 3C), consistent with previous work demonstrating that integrin-
based adhesion is not required for rapid leukocyte migration
(Lammermann et al., 2008). Strikingly however, ZIKV-exposed mono-
cyte transmigration was significantly impaired by BIRT377, which was
confirmed upon Mock/ZIKV differential analysis (Fig. 3D-E). This data
highlighted that ZIKV-exposed monocytes, but not their mock-exposed
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counterparts, require functional LFA-1 integrins for efficient trans-
migration through the BBB-like endothelial layer.

Confocal microscopy of VE-cadherin and the polymerized actin
cytoskeleton of hCMEC/D3 cells showed similar endothelial layer
integrity regardless of BIRT377 treatment and/or the presence of ZIKV-
exposed monocytes (Fig. 4A). Of note, the actin elements may have not
been fully preserved by our fixation-permeabilization procedure, and
cytoskeletal stabilization methods could be implemented to improve it,
as previously shown (Mason et al., 2019). Based on the known mode of
action of BIRT377, we confirmed that it significantly decreased mono-
cyte adhesion onto ICAM-1 substrate, the LFA-1 ligand (Fig. 4B), as
opposed to its absence of effect on monocyte adhesion to fibronectin
shown in Fig. 1. Interestingly, the addition of BIRT377 to ZIKV-exposed
monocytes during transmigration resulted in an accumulation of
monocytes on top of the BBB-like endothelium (Fig. 4C-D), which ex-
press high levels of fibronectin as shown in Suppl. Figure S1. This data
indicates that inhibition of LFA-1 does not prevent monocyte adhesion,
but rather a downstream diapedesis process specific to ZIKV exposure.

3. Discussion

Flaviviridae represent an important health threat, showing rising
number of cases in the past decade, most probably due to the spread of
Aedes mosquitoes. ZIKV was first detected in Europe in 2013 (Tappe
et al., 2014), and recurrently since then. While the infection is mostly
asymptomatic in adults, the virus can cause discrete cognitive disorders
(Mavigner et al., 2018; Raper et al., 2020) for which very little mecha-
nistic insights exist as most of the focus has been placed on pre-birth
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Fig. 3. Impact of ZIKV infection on the pharmacological inhibition of monocyte transmigration. (A) Representative scheme of a transmigration assay with a
transwell coated with collagen and seeded with hCMEC/D3 endothelial cells forming permeable blood born barrier. Human primary monocytes were added on top.
(B) The bar graph represents the relative number of transmigrated monocytes harvested at the bottom of the well, infected with ZIKV for 48 h or not (Mock). This
assay was measure using CellTiter Glo. Each bar graph represents one healthy donor in duplicate. (C-D) The bar graph represents the relative number of non-infected
(C) or ZIKV-infected (D) transmigrated monocytes and treated with drugs targeting Racl (Racl inh, 50 uM), mDia (IMM-01, 30 pM), ROCK (Y-27632, 30 uM), Cdc42
(ML141, 50 uM), Arp2/3 (CK666, 30 uM), LFA-1 (BIRT-377, 30 uM). This assay was measure using CellTiter Glo. (E) The bar graph represents the ratio of trans-
migrated ZIKV- infected monocytes compared to Mock-infected monocytes from the experiment in (C) and (D). The bar graph shows mean +/- SD from monocytes
obtained from three healthy donor, performed in duplicates for the non-treated and the BIRT377 treated conditions. The other conditions were performed on one
donor in duplicates. Unpaired student T-test p value < 0.05 (*), < 0.005 (***), ns: non-significant.
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Fig. 4. Impact of BIRT377 on endothelial-monocyte interactions. (A) The micrograph represents the hCMEC-D3 monolayer incubated with mock-exposed of
ZIKV-exposed monocytes in the presence or absence of 30 uM BIRT-377. The VE-cadherin staining is in cyan, the actin (phalloidin) in purple and the nuclei (DAPI) in
blue. Scale bar: 50 um. (B) The bar graph shows the mean +/- SD of adherent monocytes on ICAM-1 treated with BIRT377 (5 uM, 10 uM, or 20 uM) normalized to the
non-treated condition (0 uM). Each bar represents data from two healthy donors performed in duplicates. The 20 uM condition was done on one healthy donor in

duplicate. Unpaired student T-test p value < 0.001 (***) and < 0.0001 (*

). (C-D) ZIKA-exposed monocytes were added on top of hCMEC/D3in the absence (C,

upper panel), or presence (C, lower panel) of BIRT377. Actin (Phalloidin) is in Cyan and the monocytes are in orange. Scale bar: 20 pm. (D) Quantification of the
number of adherent monocytes for each condition. The bar graph shows mean +/- SD from the monocytes obtained from 2 donors, performed in quadruplicates.

Unpaired student T-test p value < 0.0001 (****).

neural defects. We have shown previously that ZIKV can reprogram
monocytes to favor their transmigration through the BBB and dissemi-
nate in the CNS (Ayala-Nunez et al., 2019). This was due to increased
adhesive properties associated to important cellular morphological
rearrangements. Here, we used a non-exhaustive panel of pharmaco-
logical inhibitors based on the available literature and relevance with
regards to ZIKV infection, to identify host factors specific for
ZIKV-exposed monocyte transmigration.

The small Rho GTPases are known to play an important role during
the transmigration of monocytes through endothelial cells (Wittchen
et al., 2005). Here, we confirmed that monocyte adhesion, migration
and transmigration require functionally active small Rho GTPases,
regardless of the infection status of the monocyte. Inhibition of Cdc42
resulted in a profound inhibition of monocyte adhesion. Previous work
has shown that Cdc42, but not Racl nor Myosin-II, is important for
chemokine-driven trans-endothelial migration of CD4 T cells (Manes
and Pober, 2013). Moreover, the cytoskeleton-associated protein WASP,
a major Cdc42 effector, has been shown to play an important role during
integrin-dependent leukocyte adhesion on endothelium during trans-
migration (Zhang et al., 2006). We show that the ROCK inhibitor
significantly decreases migration and transmigration. Moreover, Myosin
II, downstream of RhoA/ROCK signaling, also decreases monocyte
migration. This is consistent with previous work showing that the
RhoA/ROCK/Myosin-II axis is important for T cell transmigration
through the control of actomyosin contractility (Heasman et al., 2010).

Our findings on the inhibition of small GTPases and actin-associated
effectors were similar for both non-infected and ZIKV-exposed monocyte
transmigration. However, we found that BIRT377 was the sole inhibitor
that we tested to specifically impair ZIKV-exposed monocyte trans-
migration, while it did not affect mock-exposed monocyte trans-
migration. BIRT377 is an inhibitor of LFA-1 function, a heterodimeric
receptor composed of CD11a and CD18 (Integrin p2). BIRT377 directly
binds to and potently inhibits LFA-1 function by targeting the ligand
interacting I-domain of the aL subunit of LFA-1 (Kelly et al., 1999;
Shimaoka et al., 2002; Last-Barney et al., 2001). ICAM-1/LFA-1 in-
teractions through the I-domain is involved in immune cell adhesion to
endothelium (Jun et al., 2001; Shaw et al., 2004). We show that upon
treatment with BIRT377, ZIKV-exposed monocytes transmigrate less
compared to non-treated counterparts. Furthermore, we show that
CD1la was significantly upregulated at the surface of monocytes

exposed to ZIKV and that CD18 also tended to be overexpressed,
although it did not reach significance (Ayala-Nunez et al., 2019). This
result suggests that LFA-1 is particularly important for ZIKV-induced
monocyte transmigration. Although this interaction is important for
monocyte-to-endothelium  adhesion, we observed that the
BIRT377-treated monocytes adhered significantly more on the endo-
thelium (but not on fibronectin alone), suggesting that the inhibition of
ZIKV-induced monocyte transmigration by BIRT377 does not occur at
the adhesion step but downstream in the process. The apparent increase
of adhesion of ZIKV-exposed monocytes upon BIRT377 treatment would
hence come from the inefficient transmigration step, blocking the
monocytes on top of the endothelial monolayer. Of note, experiments of
downregulation of the LFA-1 complex at the surface of monocytes will
be required to ascertain whether BIRT377 exerts its anti-transmigratory
properties by specifically targeting LFA-1, or through indirect mecha-
nisms that remain to be identified.

Although LFA-1 is most known for its adhesion properties, it has also
been shown to interact with JAM-A through its I-domain, the target
domain of BIRT377. JAM-A is a tight junction-associated protein inter-
acting in a homophilic manner that is involved in the regulation of
leukocyte transmigration (Ostermann et al., 2002). In the presence of
transmigrating leukocytes, the LFA-1 protein at the surface of the im-
mune cell will act as a competitor of JAM-A/JAM-A interactions on the
endothelium, forcing the LFA-1/JAM-A interaction to favor the local
unzipping of the tight junctions and let the immune cell cross the
endothelial monolayer (Wojcikiewicz et al., 2009). In contrast, JAM-A
does not participate in neutrophil transmigration, while
LFA-1/ICAM-1 interactions are important (Shaw et al., 2004). In our
case, we could hypothesize that monocytes exposed to ZIKV exhibit
enhanced transmigration properties due to increased LFA-1 surface
expression levels (Ayala-Nunez et al., 2019), favoring the interactions
between monocytic LFA-1 with endothelial JAM-A, and thus increasing
transmigration efficiency compared to non-exposed monocytes. Treat-
ment with BIRT377 would prevent transmigration, with a more signif-
icant effect on ZIKV-exposed monocytes as they express higher levels of
LFA-1.

An early study proposed that LFA-1 plays a role in crawling and
subsequent transmigration of monocytes only upon pretreatment with
IL-1B or TNF (Schenkel et al., 2004). This observation suggests that ZIKV
might activate monocytes and confer = LFA-1-dependent
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pro-transmigratory properties to favor the LFA-1/JAM-1 interaction and
diapedesis process. Further investigations will be needed to determine
whether ZIKV induces pro-inflammatory cytokine release. Moreover, it
remains to be established whether the levels of LFA-1/JAM-1 proteins
are modulated upon transmigration of ZIKV-exposed monocytes.
Indeed, we have previously shown that CD11a and CD18 were upre-
gulated at the surface of monocytes exposed to ZIKV (Ayala-Nunez et al.,
2019). Thus, one can hypothesize that ZIKV-exposed monocytes crawl
and transmigrate more through endothelia because they use an
LFA-1-dependent migration strategy, which as a consequence, would
make them more susceptible to BIRT377 treatment.

Finally, BIRT377 has previously been used to reverse neuropathic
effects in rats, reducing immune infiltration to the CNS (Noor et al.,
2020). Preventing viral and immune neuroinvasion represents an
attractive strategy to counteract viro-induced neurological disorders
(Gaudin et al., 2022). Here, we show that BIRT377 specifically acts on
ZIKV-exposed cells, a targeted approach that could be used to treat
ZIKV-induced neurological disorders and potentially other viral
neuroinfections.

3.1. Material & methods

3.1.1. Reagents

The following antibodies and dye were used for immunofluorescence
in this study: polyclonal goat anti VE-Cadherin (1/100, R&D Systems,
#AF938), Phalloidin CF-633 (1/100, Biotium, #00046), Dapi Nuclear
Counterstain (Pierce), CellTrace Yellow (Invitrogen), polyclonal sheep
anti Fibronectin (1/100, Biorad, #VPA00045). For flow cytometry, the
following antibody were used: REAfinity anti-human CD16 antibody
coupled to APC (1/50, Miltenyi Biotech, #130-113-389) and REAfinity
anti-human CD11b coupled to APC (1/50, Miltenyi Biotech, # 130-110-
556). For adhesion and migration inhibition assay, the Rat monoclonal
anti-CD29 antibody (BD Bioscience, Clone 9EG7, #553715) and the Rat
IgG2b K isotype control (Invitrogen, 16-4031-81) were used at final
concentration of 0.16 mg/mL.

Rac-1 Inhibitor II (Calbiochem, #553512) stock solution was resus-
pended at 100 mM in DMSO, IMM-01 (Sigma Aldrich, #SML1064) at
10 mg/mL in DMSO, Y-27632 Dihydrochloride 5 (Sigma Aldrich, #
Y0503) at 10 mM in DMSO, ML141 (Tocris, #4266) at 10 mM in DMSO,
CK666 (Sigma Aldrich, #SML0006) at 30 mM in DMSO, Blebbistatin
(Sigma Aldrich, #203389) at 50 mM in DMSO, BIRT377 (Tocris, #4776)
at 50 mM in DMSO, PND-1186 (Tocris, #6891) at 100 mM in DMSO.

3.2. Cells

Human primary monocytes were isolated from healthy donor coming
from EFS Montpellier. All donors signed informed consent allowing the
use of their blood for research purposes. Briefly, PBMCs were isolated
from the blood of donor using a Ficoll density gradient (GE Healthcare)
and primary monocytes were positively selected with CD14" microbe-
ads and magnetic columns (Miltenyi Biotec). For experiment, the cells
were cultured into round-bottom tissue culture-treated 96-well plates in
RPMI 1640 (Gibco) media supplemented with 2 % FBS (Dutscher) and
1 % Penicillin-Streptomycin (Gibco).

The human Cerebellar Microvascular Endothelial Cells D3 (hCMEC/
D3) cells (provided by S. Bourdoulous, Institut Cochin, France) were
cultured in EndoGRO-MV Complete Culture Media (Millipore) supple-
mented with 1 ng/mL bFGF (Sigma) and 1 % Penicillin-Streptomycin
(Gibco). When plated, the well was coated with rat collagen-I (R&D
Systems) and the hCMEC/D3 cells were then cultured the media was
supplemented with Lithium Chloride (10 mM) and Resveratrol (10 pM).

3.3. Virus and infection

The ZIKV FLR strain used in this study was obtained from BEI Re-
sources, NIAID, NIH (NR-50183). The strain was isolated in December
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2015 from the blood of an infected patient from Colombia. The virus was
grown on Vero cells for 72 h then harvested. Cell debris were removed
by centrifugation at 2000xg for 5 min, and aliquots stored at —80 °C.
Viral titer (PFUs/mL) was determined on Vero by plaque assay. All ex-
periments involving infectious ZIKV were performed in a BSL-3 facility.

Monocytes infection with ZIKV was performed by inoculating ZIKV
at a multiplicity of infection (MOI) of 1 (from the titer calculated on
Vero) in RPMI 1640 (Gibco) media supplemented with 2 % FBS
(Dutscher) and 1 % Penicillin-Streptomycin (Gibco). The ZIKV-exposed
monocytes were incubated for 48 h before use in assays. In all the ex-
periments, “Mock” corresponds to the supernatant of Vero cells pro-
cessed in the same way as for ZIKV production.

3.4. Cell viability and cytotoxicity

Cytotoxicity was measured using the CyQUANT LDH Cytotoxicity
Assay Kit (Invitrogen) and performed according to the manufacturer’s
instructions. Briefly, supernatant was harvested and incubated in 96-
well plate with the LDH substrate for 30 min at RT. The Stop Solution
was added to each sample and the absorbance was measured with a
microplate reader (TECAN Infinite M Plex).

Cell viability was measured using the CellTiter-Glo Luminescent Cell
Viability Assay (Promega) and the experiment was performed according
to the manufacturer’s instructions. Briefly, cells were resuspended in
culture medium and incubate with CellTiter-Glo Reagent for 10 min at
RT. The luminescence signal was measured with a microplate reader
(TECAN Infinite M Plex).

3.5. Adhesion assay

Adhesion assay were performed on with 96-well plates flat bottom
coated with 5 ug/cm? of human fibronectin (R&D Systems), 150 pg/mL
of collagen, type I solution from rat tail (Sigma-Aldrich), or 12.5 pg/mL
of recombinant Human ICAM-1/CD54 (R&D Systems) for 1 h at RT.
Primary monocytes were added on the coated substrate and incubated
for 3 hat 37 °C and 5 % COs, to let the cells adhere. Then the wells were
washed three times and the adherent monocytes were prepared for
CellTiter-Glo Luminescent Cell Viability assay (Promega), according to
the manufacturer instructions. The assay gives a sense of cell number, as
estimated through ATP measurement.

3.6. Migration assay

Migration assay was performed on hanging 96 well plate cell culture
inserts (PET, 5-um pores, Millipore) coated with 5 yug/cm? of human
fibronectin (R&D Systems). Primary monocytes were added on top of the
insert and let over-night at 37 °C and 5 % COs. The bottom chamber was
replaced with RPMI 2 % FBS supplemented with 200 ng/mL of MCP-1
(Miltenyi Biotech). Cells of the bottom chamber were harvested and
lysed with CellTiter-Glo Luminescent Cell Viability Assay.

3.7. Transmigration assay

Transmigration was done on cell culture inserts (PET, 5-um pores,
Millipore) coated with rat collagen type 1 (Sigma). The hCMEC/D3 were
then seeded on the transwell for 7 days to reach impermeability prop-
erties. Two hundred thousand monocytes (infected or not) were treated
for 30 min with the drugs and add on top of the transwell to let the
transmigration occur over night at 37 °C and 5 % COz. The bottom
chamber was replaced with RPMI 2 % FBS supplemented with 200 ng/
mL of MCP-1 (Miltenyi Biotech). Cells of the bottom chamber were
harvested and lysed with CellTiter-Glo Luminescent Cell Viability Assay
(Promega).
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3.8. Fluorescence confocal microscopy

Cells were cultured in 96 square well plate glass bottoms. After
transmigration assay, cells were washed once with phosphate buffered
saline (PBS) and fixed with 4 % paraformaldehyde (PFA) for 20 min at
room temperature (RT). Samples were then permeabilized for 20 min
with permeabilization buffer (0.5 % BSA, 0.1 % Triton in PBS). All
subsequent steps were performed in permeabilization buffer. Samples
were labeled with primary antibody for 3 h at RT, washed twice and
labeled with appropriate secondary antibodies and dye for 45 min. Cells
were washed twice with the permeabilization buffer and imaged in the
same buffer. Image acquisition was performed on a spinning-disk
confocal microscope (Dragonfly, Oxford Instruments). The ultrasensi-
tive 1024 x 1024 EMCCD camera (iXon Life 888, Andor) used has four
laser lines (405, 488, 561, and 637 nm. A 40x, NA 1.3 oil-immersion was
used to look at BBB integrity whereas 60x, NA 1.15 (Nikon) oil-
immersion long-distance objective was used for counting monocytes
on the monolayer. Images were processed using FiJi (ImageJ) and Bit-
plane Imaris x64 (Oxford Instruments) version 9.2 and 9.7.

3.9. Flow cytometry

Human primary monocytes were fixed in 4 % PFA and washed in
PBS. Samples were blocked with 10 % FBS in PBS and 1:5 FcR Blocking
Reagent (Miltenyi Biotech) and were stained with primary conjugated
antibodies at 4 °C for 1 h. Cells were washed 2x with PBS. Samples were
acquired with NovoCyte Flow Cytometry System (ACEA Biosciences).
Data was analyzed using FlowJo (LLC) v10.2.
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