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Unlike other Flaviviruses, Zika virus (ZIKV) infection during the first trimester of
pregnancy causes severe pregnancy outcomes including the devastating
microcephaly and diseases associated with placental dysfunctions. We have
previously reported that the maternal decidua basalis, the major maternal-fetal
interface, serves as a replication platform enabling virus amplification before
dissemination to the fetal compartment. However, the rate of congenital
infection is quite low, suggesting the presence of a natural barrier against
viral infection. Using primary cells from first-trimester pregnancy samples, we
investigated in this study how the maternal decidua can interfere with ZIKV
infection. Our study reveals that whether through their interactions with dNK
cells, the main immune cell population of the first-trimester decidua, or their
production of proinflammatory cytokines, decidual stromal cells (DSCs) are the
main regulators of ZIKV infection during pregnancy. We also validate the
functional role of AXL as a crucial receptor for ZIKV entry in DSCs and
demonstrate that targeted inhibition of ligand-receptor interaction at the
early stage of the infection is effective in drastically reducing virus
pathogenesis at the maternal-fetal interface. Collectively, our results provide
insights into the mechanisms through which ZIKV infection and spreading can
be limited. The strategy of circumventing viral entry at the maternal-fetus
interface limits virus dissemination to fetal tissues, thereby preventing
congenital abnormalities.
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Introduction

The establishment of immune-privileged fetal-maternal
interfaces, including the implantation site, also called decidua
basalis (decidua), is a main hallmark of pregnancy. During the
first trimester of pregnancy, the maternal decidua hosts a large
number of innate lymphoid cells, mainly tissue-resident NK cells
and some recruited cells from the peripheral NK cell pool.
Decidual NK (dNK) cells account for 70% of leukocytes in the
first-trimester decidua (1-3). The majority of these tissue-
resident cells are CD56°"8"CD16"¢ and express most of the
activating and inhibitory NK cell receptor repertoire (4-7).
During pregnancy, dNK cell responses are finely regulated
through interactions with the maternal decidual stromal cells
(DSCs), as well as other immune cells and fetal trophoblast cells
that invade the maternal decidua. Although dNK cells have
functional lytic machinery, but, they are not cytotoxic under
healthy conditions. dNK cells produce an array of soluble factors
that are mandatory for successful placentation and for the
development of the semi-allogenic fetus (8, 9). Yet, dNK cells
are also endowed with functional plasticity that allows them to
unleash their cytotoxic function and limit the dissemination of
pathogens to the fetal compartment (10-12).

Zika Virus (ZIKV) is a single-strand positive-sense RNA
virus that belongs to the Flaviviridae family. ZIKV infection
manifests with mild symptoms in healthy adults, but it can cause
Guillain-Barré syndrome and life-threatening congenital
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abnormalities referred to as Congenital ZIKV Syndrome in
fetuses and offspring when mothers are infected in early
pregnancy. Major developmental abnormalities including the
devastating microcephaly occur when ZIKV crosses the placenta
in early pregnancy, but, the mechanisms involved are far from
being fully elucidated (13, 14). Previous reports including ours
revealed that ZIKV can replicate in a broad range of maternal
and fetal cells from first-trimester placenta such as decidual
macrophages and stromal cells, fetal trophoblast cells, and
Hofbauer cells as well as mesenchymal stem cells of the
umbilical cord (15-18). Nonetheless, maternal-to-fetal
transmission is not systematic, emphasizing the effectiveness of
the maternal-fetal interface as a natural barrier, and suggesting
the existence of efficient antiviral mechanisms during pregnancy.

Although fundamental for developing strategies that prevent
maternal-fetal transmission, how ZIKV infection can be
contained during pregnancy remains unclear. By using
primary cells from the first-trimester pregnancy samples and
an ex vivo culture model, we aimed to shed light on this
question. Our findings reveal that ZIKV infection shapes the
inflammatory environment of the maternal-fetal interface,
thereby inducing major phenotypic and functional changes in
decidual cells. These changes enabled dNK cells to sense and
limit early ZIKV dissemination to fetal cells. Importantly, our
results disclose AXL as a main ZIKV entry receptor into the
maternal decidua and propose its targeting as an eventual
strategy that can prevent congenital infection.
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Results

ZIKV infects first-trimester maternal
decidual stromal cells and alters their NK
cell receptor ligand expression

Previous studies demonstrated that maternal decidua stromal
cells (DSCs) are permissive to ZIKV infection (15-18). During
pregnancy, dNK cell response is finely regulated through
interactions with these cells. Therefore, to determine the potential
contribution of dNK cells in controlling ZIKV infection during
pregnancy, we first confirmed the ability of the ZIKV Asian strain
to infect freshly isolated first-trimester DSCs and determined the
optimal conditions for this infection. DSCs were challenged with
different multiplicities of infection (MOI of 0.1, 1, and 10). The
expression of the Flavivirus envelope group antigen (env) was
analyzed by immunofluorescence and confocal microscopy three
days post-infection (Figure S1A). ZIKV infection was optimal with
an MOI of 1. A challenge with a lower MOI of 0.1 was not sufficient,
while an MOI of 10 triggered a strong cytopathic effect (Figure
S1A). These appreciable differences both in terms of viral infection
and cytopathic effect prompted us to thereafter carry out all the
experiments using this optimal MOI of 1 of the replicative virus to
assess the percentage of infected DSCs at different days post-
infection (dpi). Analysis of the NS3 viral protein expression by
FACS revealed a progressive rising of infection, with approximately
30-60% of infected DSCs at 3 dpi (Figure 1A and Figure S1B). A
slight decline in the number of infected cells was observed at 5 dpi,
probably due to the virus cytopathic effect (Figure S1C).

Major histocompatibility complex (HLA in humans) class I
antigens are expressed in the maternal decidua and play a central
role in fine-tuning dNK cell functions (19). Flaviviruses,
including ZIKV, are known to interfere with the expression of
these HLA antigens as well as with the stress ligands, both
considered as major regulators of NK cell function. We,
therefore, investigated the impact of ZIKV infection on HLA
class T and NK cell receptor ligands expression by DSCs. While
the percentage of DSCs constitutively expressing the classical
HLA-ABC antigens did not increase, their expression level was
significantly increased as evidenced by increased mean
fluorescent intensity (MFI) at 3 dpi (Figure 1B and Figure
S1D). Nonetheless, we observed a significant increase in both
the percentage and the expression level of the non-classical
HLA-E antigens at 3 dpi (Figure 1C). Similar results were
observed at 5 dpi (Figures SID-F).

Although at variable levels, DSCs constitutively express
several ligands of NK cell receptors including ligands for
NKG2D (NKG2DL), NKp46 (NKp46L), NKp44 (NKp44L),
and NKp30 (NKp30L). While ZIKV infection significantly and
similarly increased the expression level of NKp44L at 3dpi
(Figure 1D) and 5dpi (Figure S1G), it did not alter the
expression of other NK cell receptor ligands such as NKp46L,
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NKp30L, or NKG2DL (Figure S2). Taken together, these results
suggest that ZIKV infection increases the levels of some specific
stress ligands that could trigger the engagement of NKR and NK
cell activation at the maternal-fetal interface.

Decidual NK cells control early ZIKV
infection at the maternal-fetal interface

We then investigated within an autologous co-culture
model, whether the interaction of dNK cells with ZIKV-
infected DSCs could trigger their activation and cytolytic
functions to control viral infection. DSCs were infected at an
MOI of 1, and co-cultured with purified autologous dNK cells at
a 1:5 ratio for 3 and 5 days. Viral replication was monitored over
time in culture supernatants by qRT-PCR. After 3 days of co-
culture, dNK cells efficiently controlled ZIKV replication in
autologous DSCs (Figure 2A). The viral load did not increase
over time and was similar to the residual 107 RNA copies/mL
observed at day 0 post-exposure to ZIKV, compared to infected
DSCs cultured in the absence of dNK cells (Figure 2A). The
control was less efficient when dNK cells were added at a later
time post-infection, dropping to less than 50% at 3 dpi and being
lost at 5 dpi (Figure 2A).

We next determined whether viral control is mediated
through direct cell-to-cell contact or the production of soluble
mediators. The ability of dNK cells to control viral infection
dropped drastically when co-culturing was performed within a
double-chamber system that prevented their physical
interaction, indicating that the limitation of the infection
occurs mainly through cell-to-cell contact (Figure 2B). To
further confirm, we assessed the capacity of conditioned media
(CM) collected from dNK cells-DSCs cocultures to control
ZIKV replication. Fresh DSCs were then cultured in UV-
inactivated CM before and after exposure to ZIKV inoculum,
to avoid infection bias, and viral genome replication was
monitored over time. CM also failed to restrict viral
replication in DSCs (Figure 2C), further confirming that the
soluble factors produced by these co-cultures do not play an
active role in dNK-mediated control of ZIKV replication.

Cellular contacts between NK cells and their targets occur
through the formation of dynamic structures called immune
synapses (IS) to deliver the lethal hit through the secretion of
Iytic granules containing perforin (20). To demonstrate that
dNK-mediated control of ZIKV does occur through cell-cell
interactions, we, therefore, investigated the capacity of dNK to
form IS with autologous ZIKV-infected DSCs. Conjugates
formation between dNK cells and uninfected or ZIKV-infected
autologous DSCs was analyzed after 20 min of interaction by
monitoring perforin localization and polarization to the immune
synapse using confocal microscopy. Even though we observed
dNK cells forming conjugates with both uninfected and ZIKV-
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ZIKV Infection of DSCs Modulates the Expression of Key NK Cell Receptor Ligands. (A). DSCs were challenged with ZIKV at an MOI of 1. ZIKV
viral protein was determined at day 3 post-infection (dpi) by flow cytometry using anti-NS3 antibody, followed by fluorochrome-conjugated
secondary antibody staining. (B-D) Cell surface expression of specific NK cell receptor ligands determined at 3dpi by FACS. MOCK (white) and
infected (red) DSCs. Percentage and mean fluorescence intensity (MFI) for the expression of HLA-ABC (B), HLA-E molecules (C) and NKp44
ligands, NKp44L (D). Data sets represent mean values + SEM determined from at least five independent donors. P values are computed using
paired two-tailed Student's t test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

infected target cells, the polarization of perforin to the IS only
occurred in conjugates with ZIKV-infected cells (Figure 2D).
Quantification of perforin polarization demonstrated that while
less than 28% of dNK cells showed polarization of their Iytic
granules engaged in conjugates with uninfected targets, the
majority of dNK cells (> 60%) showed polarization of their
lytic machinery towards ZIKV-infected DSCs (Figure 2E).
Thus, dNK cells in the decidua can efficiently control and
limit ZIKV dissemination through direct cellular interactions
with infected DSCs. However, this barrier effect only occurs at an

early phase of infection.
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Microenvironment of infected
decidua contributes to limiting
ZIKV dissemination

Beyond their interaction with dNK cells, DSCs produce
various soluble factors and contribute actively to the decidua
microenvironment which is mandatory to ensuring immune
tolerance of semi-allogenic conceptus, trophoblast attraction,
and vasculature remodeling (8). Because our results
demonstrated that the contribution of dNK cells to restraining
congenital ZIKV infection is limited to early phases of infection,
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FIGURE 2

dNK Cells Efficiently Control DSCs Infection. DSCs were infected with ZIKV at an MOI of 1 and co-cultured with autologous dNK cells at a ratio
1:5. (A-C) Viral loads are determined by gRT-PCR in cell-free culture supernatants, collected following the indicated time points dO, d3 and d5
(A) ZIKV-infected DSCs cultured alone (red line) or with autologous dNK cells added at day 0 (DSCs + dNK dO, blue line), day 1 (DSCs + dNK d1,
dotted black line), day 2 (DSCs + dNK d2, dotted grey line) or day 3 (DSCs + dNK d3, solid black line) post-infection. (B) ZIKV-infected DSCs
cultured alone (DSCs only, red), with autologous dNK cells in the same well (DSCs + dNK, blue) or separately by a 0.4uM porous membrane in
transwell system (DSCs + dNK TW, green). (C) Fresh DSCs were infected with ZIKV (MOI 1) in the presence of UV-inactivated conditioned media
collected from day 3 (CM d3) and day 5 (CM d5) co-cultures of dNK cells with uninfected (Mock) and ZIKV-infected DSCs (ZIKV). Histograms
represent quantification of genome replication at day 0 (dO, black), day 3 (d3, blue) and day 5 (d5, red) post-viral challenge. Data sets are
presented as mean values + SEM from at least three independent donors. Statistical significance of differences was evaluated by repeated-
measures analysis of variance with the Greenhouse and Geisser correction, and the Newman-Keuls post hoc test. *p<0.05, **p<0.01,
***%n<0.0001. (D) Uninfected and ZIKV-infected DSCs plated on glass coverslips incubated with autologous dNK cells for 20 min at 37°C
Representative confocal images of conjugates with maximum intensity projection are shown. Lytic granules containing perforin (red), ZIKV-env
protein (green), a.-tubulin (blue) and DAPI nuclei (cyan). Scale bar, 10 pm. (E) Percentage of conjugates showing polarized perforin containing
granules to the NK cell IS. Results from 5 independent conjugations were averaged. Values represent mean values + SEM. At least 300
conjugates were analyzed in each experiment (n=3). P values are computed using paired two-tailed Student'’s t test, ****p<0.0001
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we investigated whether DSCs through miscellaneous secreted
factors could contribute to controlling ZIKV propagation during
pregnancy. Within this notion, we analyzed the secretion profile
of uninfected and ZIKV-infected DSCs. ZIKV infection of DSCs
was associated with a significant increase in the level of IL-6,
sSICAM-1, CCL2, and CCLS5 as well as the CXCL1, CXCLS, and
CXCL10 chemokines (Figures 3A-C), whereas other analytes,
either showed variable tendency to increase without reaching
significance (IL-1RA, LAP, CCL4, sFasL, TRAIL, M-CSF, and
VEGF-A) or did not vary (metalloproteases) upon exposure of
DSCs to ZIKV (Figure S3).

Importantly, DSC infection by ZIKV also altered the level of
the well-known first line of defense against invading pathogen
infections, the interferons (IFNs) (21). Namely, ZIKV infection
was associated with a significant increase in the level of IFN-y, a
variable tendency to increase the levels of IFN-A1 and IFN-A2/3
without reaching statistical significance, but did not genuinely
affect the level of either IFN-o or B (Figure 3D). These
observations prompted us to test whether ZIKV regulates the
transcriptional level of IFN genes. As depicted in Figure 3E,
ZIKV infection significantly increased mRNA levels of IFNB,
IFNG, IFNLI, and IFNL2/3 in DSCs, but, did not affect the
transcriptional levels of IFNA genes. Because IFNs activate signal
transduction cascade(s) leading to the induction of hundreds of
interferon-stimulated genes (ISGs), that are critical for
controlling viral pathogenesis through a variety of mechanisms
(22, 23), we then investigated the effects of ZIKV infection on
downstream IFN signaling pathways, by measuring various ISG
transcript expressions. We selected a set of model genes (IRF3,
IRF7, ISG15, ISG20, MX1, RSAD2 (Viperin), and IFI6) (Table 1)
and used a qRT-PCR-based expression analysis. In comparison
with mock-infected cells, we observed that IRF3, ISG20, RSAD2,
and IFI6 genes were significantly activated at levels ranging from
2- to >4 fold (Figure 3F). No significant differences were
observed for IRF7, ISGI5, and MXI (Figure S3F). Thus, our
results suggest that ZIKV infection is associated with a robust
IFN and ISG response.

To provide a meaningful breadth to DSC response to ZIKV
infection, we determined the antiviral potency of IFNs during
ZIKV infection. We choose IFN-y as a representative IFN since it
can be produced not only by the DSCs but also by other cells
including NK and T cells. ZIKV-infected DSCs were treated with
recombinant human IFN-y, and viral replication was monitored
in culture supernatants by qRT-PCR. IFN-y strongly controlled
the infection when DSCs were treated concomitantly to their
exposure to ZIKV particles. The inhibition rate of ZIKV genome
replication reached almost 95% at 3 dpi and 5 dpi. This control
was progressively lost when the antiviral cytokine was added
later in the infection (Figure 3G).

Taken together, our results demonstrate that ZIKV infection
increases the production of key chemokines (CCL2, CCLS5,
CXCL1, CXCL8, and CXCL10) recognized as a major
chemoattractant for various immune cell types to the inflamed
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or infected sites, but also elicits a robust type II and type III IFN
response that can efficiently contribute to controlling early steps
of ZIKV infection.

ZIKV employs AXL receptor to enter the
maternal decidua

Whether through their interactions with dNK or their
secreted cytokines, DSCs at the maternal decidua appear as
main regulator of ZIKV infection during pregnancy. Therefore,
we decided to determine how ZIKV may enter the maternal
decidua and DSCs. Several studies have identified DC-SIGN and
the TAM (TYRO3, AXL, and MERTK) receptor tyrosine kinase
family, which recognizes the externalized phosphatidylserine on
apoptotic cells as a natural ligand, as genuine Flavivirus
receptors (16, 17, 24, 25). We first sought to confirm the
expression of the TAM family members (AXL, TYRO3 and
DC-SIGN) that could contribute to ZIKV entry in our DSCs
model. Figure 4A shows that AXL is strongly expressed in DSCs
whereas barely few cells, if any, express TYRO3 or DC-SIGN.
Immunofluorescence and western blotting analyses further
confirmed the expression of AXL and demonstrated that the
protein expression level is not affected by ZIKV infection
(Figures 4B, C).

AXL binds to the externalized phosphatidylserine on
apoptotic cells and requires the use of GAS6 (growth arrest-
specific gene 6). The resulting receptor kinase activation acts as a
pleiotropic antagonist of the innate inflammatory immune
response, down-modulating type I interferon signaling
pathway, and further facilitating viral infection (26, 27). To
validate the role of AXL and explore strategies that might be
developed to limit congenital infection, we assessed the effects of
an engineered variant of the AXL immunoglobulin-like domain
1, MYDI, which blocks the ligand-receptor interaction through
complete neutralization of Gas6 (28, 29). Immunofluorescence
using an anti-NS3 antibody demonstrated that binding of MYD1
to GAS6 efficiently inhibits ZIKV entry to DSCs (Figure 4D).
ZIKV infection was abrogated when the engineered MYD1 is
added during the viral challenge and up to 12h post-infection,
further confirming the importance of AXL for the viral entry
(Figure 4D). Viral replication was also monitored over time by
qRT-PCR in culture supernatants from five DSCs’” donors. After
3 days of co-culture, we showed efficient control of ZIKV
replication with the AXL inhibitor. Indeed, the production of
viral RNA was completely blocked when DSCs are challenged
with ZIKV virions that were pre-incubated with MYD1 or when
the decoy receptor was added during the virus adsorption time
(less than 1h) (Figure 4E). Similar results were observed after 5
days of co-culture. But, no blockade was observed when MYD1
was added at later time points post-viral entry (24h post-
infection). To further confirm the critical role of AXL in ZIKV
infection, supernatants were collected from ZIKV-infected DSCs
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ZIKV Infection Modulates the Decidual Environment and the Interferon Response. DSCs were infected with ZIKV at an MOI of 1. (A) Cytokines,
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and ZIKV-infected DSCs (red bars) are presented as fold change of relative mRNA expression (FC). (G) ZIKV-infected DSCs cultured with or
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without recombinant human IFN-y (100ng/mL). IFN-y was added at day O (dO, blue line), d1 (dotted black line), d2 (dotted grey line) or d3 (black
line) post-infection. Non treated ZIKV-infected DSCs (red line) are used as positive control. Culture supernatants were collected from the
different conditions following the indicated time points and viral loads were determined by gRT-PCR. All data sets are normalized and presented
as mean values + SEM from at least five independent donors. Statistical significance of differences was evaluated by repeated-measures analysis
of variance with the Greenhouse and Geisser correction, and the Newman-Keuls post hoc test. ns, not significant. *p<0.05, **p<0.01,
***p<(0.001, ****p<0.0001.
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TABLE 1 Primer Sequence for Quantitative PCR.

Target Gene

Forward

ZIKV TTGGTCATGATACTGCTGATTGC
IFNA GAATGAGGACTCCATCCTGGC
GAATGCGGACTCCATCTTGGC
GTACGAGGACTCCATCCTGGC
GAAGGAGGACTCCATTCTGGC
GAATGTGGACTCCATCCTGGC
GAATGAGGACTTCATCCTGGC
TGAATGTGGACTCTATCCTGACTG
IFNB GATACAGCATAGCATCGCCG
IFNG GAGTGTGGAGACCATCAAGGAAG
IFNL1 GAGGCCCCCAAAAAGGAGTC
IFNL2/3 ACACCCTGCACCATATCCTCTC
HPRT TGACACTGGCAAAACAATGCA
ISG20 AGTGAGCGCCTCCTACACAAG
ISG15 CGCAGATCACCCAGAAGATCG
IRF3 TACCTTCACGGAAGGAAGCG
IRF7 CAGAGCCGTACCTGTCACC
MX1 CAGAGAGAAGGAGCTGGAAGAA
RSAD2 CAAGACCGGGGAGAATACCTG
IFI6 AGCTGGTCTGCGATCCTGAATG

Primer sequence

10.3389/fimmu.2022.1000861

Reverse

CCTTCCACAAACTCCCTATTGC
TGATTTCTGCTCTGACAACCTCC

ACAATGGCTGGCTCAAGTAGG
TGCTTTGCGTTGGACATTCAAGTC
AGGTTCCCATCGGCCACATA
CGGAAGAGGTTGAAGGTGACAG
GGTCCTTTTCACCAGCAAGCT
ACCAGCTTGCCTTTCAGGAG
TTCGTCGATTTGTCCACCA
GCACAACCTTGACCATCACG
GGGGCCGTATAGGAACGTG
GCTGGCCTCCTGGTGATA
GCGAGAATGTCCAAATACTCACC
TTACCTATGACGACGCTGCTGC

Specific sequences of forward and reverse primers are given for each target gene. To depict different IFNAs, seven degenerated forward primers were designed based on sequence alignments.

that were treated or not with MYD1, and infectious lytic progeny
virions were quantified by the gold standard plaque assay using
Vero cells (Figure 4F). In agreement with our findings,
sequestering GAS6 prevented the production of replication-
competent virus particles, compared to the untreated condition.

Altogether, our data validate the functional role of AXL in
the pathogenesis of ZIKV at the maternal-fetal interface, acting
as a crucial receptor for ZIKV entry in DSCs, and suggest that
targeting AXL at an early stage of the infection through the
blockade of ligand binding is efficient to drastically reduce ZIKV
infection during pregnancy.

Discussion

Due to the association between ZIKV infection and serious
illnesses during pregnancy, both in the infected mother and in
the developing fetus, the World Health Organization (WHO)
declared ZIKV to be a public health concern (13, 14). The
greatest risk for severe pregnancy outcomes with significant fetal
neurological malformations has been linked with ZIKV infection
in the first trimester of pregnancy. Despite the large tropism of
ZIKV at the maternal-fetal interface (15, 17), clinical studies
demonstrated that mother-to-fetus transmission only occurs in
4% of the cases, suggesting the existence of antiviral defense
mechanisms that limit viral transmission and infection. Within
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this context, our findings revealed the critical contribution of
DSCs and dNK cells in controlling ZIKV replication at the
maternal-fetal interface and proposed AXL blockade as an
eventual strategy that can limit congenital infection.

Previous investigations demonstrated that viral infections
can be associated with dysregulations in the expression of NKR
ligands by decidual cells, thereby enhancing the immune
response or promoting virus evasion (12, 30). We
demonstrated that both classical (HLA-ABC) and non-classical
(HLA-E) MHC-I molecules and NKp44L were upregulated by
ZIKV. This increase may be essential for viral control but also
escape from the immune system since MHC molecules are
ligands for both inhibitory and activating receptors of NK cells
(31-34), and NKp44 binding to its ligand can mediate both
activating and inhibitory signals (35-37). Thus, the control relies
on the balance between the inhibitory and the activating signals.
Since dNK cells are able to dampen ZIKV replication in DSCs,
our results suggest that MHC and/or NKp44L overexpression in
ZIKV-infected DSCs triggers the engagement of activating
receptors on dNK cells. In agreement with this notion, HLA-E
expression on hCMV-infected DSCs was previously shown to
bind CD94/NKG2C or CD94/NKG2E activating receptors
rather than to the CD94/NKG2A inhibitory receptor (12).
Furthermore, NKp44 receptor-ligand binding during West
Nile Virus, a member of Flaviviridae family, infection
contributes to NK cell activation (38). Interestingly, MHC
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AXL Receptor Is Essential for ZIKV Infection of DSCs. (A) Fluorescence immunostaining for cell surface molecules, AXL, TYRO3, DC-SIGN using
specific antibodies. Representative histograms gated on live cells are shown. Specific receptor staining (Pink), isotype-matched Ig control (Blue).
One representative histogram out of five independent experiments is shown. (B) Representative images of maximum intensity projection of
DSCs. AXL (green), DAPI nuclei (cyan). Scale bar, 20 um. Data are representative of at least five independent experiments from five independent

donors. (C) Western blot analysis of AXL expression. B-actin as the loading control, DC (dendritic cell

s) expressing AXL protein as positive

control. (D) ZIKV-DSCs incubated with or without MYD1 decoy receptor, added during infection (T Oh) or 12 hours (T 12h) and 24 hours (T 24h)
post-infection. Immunostaining performed 5 dpi in the presence of MYD1 treatment. NS3 (green), a.-tubulin (blue) and DAPI nuclei (cyan). Scale
bar, 20 um. Data are representative of at least three independent experiments. (E) ZIKV replication in mock treated DSCs (red) and in DCSs that
were treated with MYD1 during the infection(white) or 12 hours post-viral challenge (grey). Viral loads were determined by gRT-PCR at days 0,3
and 5 post challenge. Bar graphs represents the mean values + SEM determined from five independent donors. P values are computed using
one-way ANOVA with the Dunn post hoc test for comparisons of different experimental conditions. *p<0.05, **p<0.01. (F) Monolayers were

challenged with culture supernatants collected from uninfected DSCs (MOCK) and from cells that were infected with ZIKV in the presence
(MYD1) or absence (ZIKV) of MYD1. Plaques were observed at 5 dpi
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molecules expression during ZIKV infection seems to be
dependent on cell types. Indeed, recently published data
showed that HLA-E expression was unchanged in ZIKV-
infected placental cell lines (11).

We also found that DSCs constitutively express NKG2DL.
Even if we did not detect any changes using Fc-NKG2D chimeric
receptor, we cannot exclude the involvement of NKG2D
receptor in viral control, since NKG2D can interact with
ligands expressed on DSCs and influence the balance between
the inhibitory and the activating signals.

Recent reports revealed that dNK cells are able to
degranulate and kill ZIKV-infected placental cell lines in part
through NKp46 (11). Consistent with these findings, we showed
that dNK cells were able to control the replication of ZIKV at the
early stages of the infection through the establishment of
immune synapse, which is an initial and crucial step for the
delivery of lethal hits by NK cells. By contrast, our data suggest
the involvement of NKp44 ligand in the formation of immune
conjugates with infected cells, but, NKp46 ligand was barely
expressed by ZIKV-infected and uninfected DSCs. This
discrepancy may be due to cell type and require further
analysis. Overall, our findings are in agreement with the
previously established notion of dNK cells playing a critical
role in the control of maternal viral infection and spreading to
the fetus (10-12, 39). However, dNK cells appear to
preferentially control ZIKV infection through cytotoxic
processes rather than the production of soluble factors. Yet,
further studies are warranted to understand the mechanisms at
play during immune synapse formation between dNK cells and
DSCs. Understanding this mechanism is of major importance, as
dNK cell activation and prolonged exposure to lytic molecules
can trigger placental immune pathology and contribute to the
development of congenital ZIKV infection (40, 41).

Recently published data revealed that ZIKV-infected
decidual cells increase transcription of several soluble factors
in a gestational age manner (16). In agreement with these
observations, we demonstrated here that ZIKV infection of
first-trimester DSCs alters the local microenvironment. ZIKV
infection was associated with increased secretion of various
chemokines (CCL5, CXCL1, CXCL8, CXCL10, and CXCL2)
directly linked to the recruitment of immune cells, including T
cells, macrophages, and NK cells that are known to actively
contribute to the uterine vascular remodeling and the
maintenance of fetal tolerance. Chemokines are also essential
for trophoblast cell migration and invasion during vascular
remodeling as well as for angiogenesis regulation. ZIKV
infection also induces IL-6 secretion, most probably through
the activation of the IL-6/STAT3 signaling pathway, which plays
a key role in regulating inflammatory host immune responses
during infections. However, several studies have reported
differential regulation of STAT3 in viral infections (42). The
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STATS3 role in viral replication is complex, as this transcription
factor appears to exhibit both pro- or anti-viral functions.

Interferons play a critical role in the antiviral immune
response (43, 44), and their production by infected cells can
prevent viral propagation. Multiple ZIKV non-structural
proteins including NS5 can selectively restrict the innate
antiviral responses. By interfering with the RIG-1 and STAT1/
2 pathways, ZIKV proteins are able to suppress the antiviral
properties of type I and type III interferons while activating type
II interferon-triggered signaling cascades (45, 46). In our study,
ZIKV infection was associated with the upregulation of IFNB,
IFNL, and IFNG at the transcriptional levels, but significant
protein production by ZIKV-infected DSCs was only observed
for IFN-y and IFN-y-stimulated genes such CXCL10. Consistent
with our findings, Bowen et al. showed that ZIKV interferes with
the production of IFNs by preventing the translation of type I
and III IFNs in dendritic cells (47). Such mechanisms may be at
play at the maternal-fetal interface and deserve further analysis.
The antiviral effect of type II IFN on ZIKV replication is not
unanimous. For instance, Chaudhary et al. found that IFN-y
facilitates viral replication in placental cell lines (45). Similar to
human skin cells (24), we found that ZIKV replication in DSCs is
sensitive to the antiviral effects of type II interferons, suggesting
that the anti-viral effects of type II interferon are cell-type
dependent. Overall, the production of IFNs may contribute to
limiting ZIKV infection during pregnancy but could alter critical
steps of placentation (24, 48-53).

We also found that ZIKV infection enhances ISGs production,
which is consistent with recent studies demonstrating that viral
infections have been associated with the induction of hundreds of
ISGs, including OAS2, ISG15 and MX1 (50, 54). ISGs can then
contribute to the inhibition of viral replication (22, 23). As a result,
IFNs could therefore act as a warning signal to other uninfected
cells, thereby preventing viral transmission. Nonetheless, a
massive dysregulation of DSC-secreted factors may also have
dramatic consequences during the course of pregnancy which
may explain, at least in part, why in some cases ZIKV infection is
associated with tissue damage (55).

Given the etiology associated with ZIKV infection during
pregnancy, the identification of virus entry receptors in decidual
cells is critical to understanding the ZIKV pathogenesis and also
to developing strategies that prevent congenital infection. While
several molecules, including DC-SIGN, AXL, TYRO3, and to a
lesser extent TIM-1 permitted ZIKV entry into target cells, the
major role was attributed to AXL (17, 24, 25). In addition,
previous studies reported a weak mRNA expression of TIM1-4,
TYRO3, and MERTK in DSCs (16). In agreement with these
reports, our study revealed that AXL is highly expressed in DSCs
and is crucial for ZIKV entry in first-trimester DSCs. This
observation was further confirmed by using the engineered
AXL decoy receptor MYDI1, which interferes with the ligand-
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receptor interaction by sequestering human GAS6 thereby
hindering ZIKV entry (56).

In conclusion, our study furthers the knowledge of ZIKV
infection during pregnancy by providing new insights into the
maternal immune response and defense mechanisms that take
place at the maternal-fetal interface. It opens up new
perspectives for the development of antiviral strategies to limit
the development of the devastating sequelae associated with
congenital ZIKV infection.

Material and methods
Patient samples and ethics statement

This study was approved by the Research Ethical Comity
Haute-Garonne and Agence de Biomeédecine (PFS08-022). All
the patients included in our study signed the informed consent
before samples were taken, in agreement with the Declaration of
Helsinki guidelines. All the experiments were performed in
accordance with these guidelines.

Isolation of primary cells

First-trimester tissue samples (gestational age 7-12 weeks)
were obtained from 18 to 30-year-old healthy women going
through elective termination of pregnancy. Decidua samples
were processed according to previously described protocols (57).
Briefly, minced samples were subjected to collagenase IV
(Sigma-Aldrich, France) and DNAsel (Roche) digestion for
45min at 37°C under gentle stirring followed by Ficoll-
Hypaque density gradient (Amersham Biotech) separation.
Cell suspension was then allowed to adhere in tissue culture
plates overnight. dNK cells were purified from the non-adherent
cell fraction using a CD56 MACS negative selection kit (Miltenyi
Biotech). Gating strategies for dNK cells before and after
purification are shown in Figure 4S. Cell purity was analyzed
using a cocktail of antibodies directed to the human CD45,
CD14, CD3 and CD56. dNK cells that are
CD45P°*CD3"°8CD56F°* represented at least 70% of the
CD45P**CD3"*¢CD14"¢ population. The purity of dNK cells
(CD45P°°CD14"°8CD3"°6CD567°°) reached 99% after
purification using CD56 MACS negative selection kit (Figure
S4B). dNK cells were kept at 4°C in conditioned media
containing 20% heat-inactivated fetal calf serum (FCS) for
subsequent experiments. DSCs were isolated from the
adherent fraction by successive rounds of mild trypsin
treatment and processed for subsequent experiments. DSCs
(Cytokeratin 7"°®Vimentin?*® CD14"®) were maintained in
DMEM:F12 (v:v) culture medium (Invitrogen) supplemented
with 10% FCS and penicillin-streptomycin 100 U/mL each,
under a 5% CO, atmosphere at 37°C.
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Isolation and propagation of ZIKV

ZIKV was isolated from sperm sample of immunocompetent
Caucasian patient returning from Brazil (55). The patient was
tested HIV negative and potential infection with dengue or
chikungunya viruses were ruled by ELISA Diapro (Diagnostic
Bioprobes Srl, https://www.diapro.it) and RealStar Dengue and
Chikungunya qRT-PCR (Altona Diagnostics, https://www.
altona-diagnostics.com). Phylogenetic analysis of a 1079-nt
fragment within the NS5 gene have confirmed that the
imported ZIKV strain belongs to the Asian lineage H/PF/2013
(GenBank accession numbers KU886298.1). High titer stocks
were obtained from early virus passaging in Vero cells (Vero
ATCC® ccL-81™). Briefly, the infected patient’ semen sample
was used to infect Vero cells. High titer supernatants were
collected from 5 days’ post-infection (dpi). Viral titers were
determined by RT-PCR and plaque assays on Vero cells. High
titer viral stocks were stored as single use-aliquots and stored at
-80 °C.

Primary cells infection and cultures

Primary DSCs were mock or ZIKV infected overnight with
ZIKV particles at the indicated multiplicity of infection (MOI) in
DMEM:F12 containing 2% FCS. After several washes in PBS,
primary cells were cultured in DMEM:F12 10% FCS-medium for
one to five days, depending on the experiment.

For co-culture assays, DSCs were cultured with dNK cells at
a 1:5 ratio either through direct co-culture or through double-
chamber co-culture system (Corning Incorporated Costar). ANK
cells were added at different times post-infection.

Preparation of conditioned medium

For some conditions, culture supernatants were collected
from mock- or ZIKV-infected DSCs-dNK cell co-cultures at day
3 and 5 post-infection. Collected conditioned media (CM) were
UV-irradiated for 30 min using Spectroline EF-140/F UV lamp
(220 volts, 50 HZ, 17 Amps) to inactivate viral replication. Fresh
DSC cultures were then challenged with UV-irradiated CM for 3
or 5 days before further analyses. Non-UV-treated replicative
virus inoculum was used as a positive control.

In some experiments, ZIKV-infected DSCs were cultured in
the presence of IFN-y (100ng/mL, R&D System), which was
added either during the inoculation or at different time post-
infection. ZIKV-infected DSCs were also treated with an AXL
decoy receptor (MYD1, 1:1,000 dilution) as previously described
(29), added either before infection, as a pre-treatment, or after
infection. Culture supernatants were finally collected and either
stored at -80°C or used directly for subsequent analysis.
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Quantification of ZIKV RNA

Viral RNA was extracted from 140 pL of culture
supernatants collected at different dpi using QIAmp Viral
RNA extraction kits (Qiagen). Purified RNA was then reverse
transcribed using the SuperScript IIT first-strand synthesis
system kit (Invitrogen). ZIKV genome was detected by
quantitative RT-PCR amplification of an NS5 fragment using
in house primers (Table 1) and a Light Cycler 480 instrument
(Roche Molecular Systems) according to the manufacturer’s
instructions. Internal standards were included to correct for
potential variations in the amount of input material.
Quantitative RT-PCR (qRT-PCR) values were further
normalized and are given as viral RNA copy numbers/mL.
The kinetics of viral genome replication was determined as
RNA copy numbers/mL, calculated based on a standard curve.

Quantification of gene expression
by gqRT-PCR

Total RNA from MOCK- or ZIKV-infected samples were
extracted using the RNeasy Kit (Qiagen) according to the
manufacturer’s instructions. Purified RNA was subjected to a
reverse transcription using the SuperScript III first-strand
synthesis system kit (Invitrogen). Gene expression was
quantified by qRT-PCR using Light Cycler 480 SYBR green I
master mix (Roche) and specific primers (Table 1). qRT-PCR
were performed in 96-well plates and run on a Light Cycler 480
instrument (Roche). The housekeeping hypoxanthine-guanine
phosphoribosyl transferase (HPRT) was used as control. The
results are presented as fold change from matched mock-

infected controls calculated using the 27**“T method.

Flow cytometry analysis

Cell were washed with PBS and stained with the LIVE/
DEAD'" Fixable Yellow Dead Cell Stain Kit, according to the
manufacturer’s procedure (In vivogen). 5x10° live cells were used
for each condition/experiment. The following antibodies CD3-
Vioblue, CD14-FITC, CD56-APC (Miltenyi), CD4-PE, CD8-
PerCp, CD45-PeCy7 (Sysmex) were used to characterize dNK
cells. The expression of NCR-ligands on DSCs was analyzed
using specific Receptor-Fc chimera followed by immunostaining
with the APC-coupled mouse anti-human IgG1 secondary Ab
(R&D System, France). The following chimeras were used:
NKp30-Fc, NKp44-Fc, NKp46-Fc and NKG2D-Fc¢ (R&D
Systems, France). The expression of the major
histocompatibility complex (MHC) was measured using an
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anti-human HLA-ABC-PE (BD Pharmingen) and HLA-E-
APC (Miltenyi). AXL and TYRO3 expression was determined
using the anti-AXL (7E10, Abcam) and anti-TYRO3 (OTI5B7,
Abcam) antibodies flowed by immunostaining with class-
specific fluorochrome-conjugated secondary antibodies. The
anti-CD209-APC-Cy7 (Miltenyi) was used to analyse the
expression of DC-SIGN. Samples subjected to immunostaining
were analyzed on a BD LSR-FORTESSA cytometer. Acquired
data were further analyzed using FlowJo' " software 10.1. Cell
staining was depicted as percentage of expression (%) and/or
mean fluorescent intensity (MFI) that refer to the proportion of
cells expressing a given marker and its level/density of
expression respectively.

Plaque assay

Culture supernatants were collected from ZIKV-infected cells
at the indicated time post-infection. Confluent monolayer of Vero
cells grown in 12-well plates is challenged with serial dilutions of
unknown starting concentration virus-containing supernatants.
After adsorption and washing of excess supernatants, the cell layer
is overlaid with 2% low-melting agarose (Invitrogen) in 1% FBS
DMEM solution, to prevent virus spread and confine virus growth
to foci of initially infected cells. After 5 days of incubation, foci
develop into plaques. Staining with crystal violet enhances the
contrast between plaques and the uninfected monolayer of cells.
Plaques are then enumerated and used to determine the titer of
infectious progenies in the supernatant as plaque-forming units
per mL (PFU/mL).

Fluorescent microscopy

ZIKV-infected or uninfected DSCs were seeded into 24-well
plates containing 0.12 mm glass coverslips. For immune synapse
analysis, dNK cells were added to each well of ZIKV-infected or
uninfected DSCs plated on glass-cover slips ata 1 to 5 ratio and
incubated at 37°C. Conjugates were allowed to form for 20 min
at 37°C. Coverslips were gently washed with PBS, fixed with 4%
paraformaldehyde (PFA) for 20 min, and permeabilized with
PBS 0.3% Triton X-100.

The following primary antibodies were used to analyze ZIKV
infection, cell structure, and polarization of lytic granules: anti-
human o-Tubulin (DM1A, 1:250 dilution, Sigma-Aldrich, UK),
anti-human perforin (1:250 dilution, BD Biosciences
Pharmingen) and anti-Flavivirus group antigen (D1-4G2-4-15,
1:400 dilution, Merck-Millipore MAB10216) anti-Dengue virus
NS3 (1:100 dilution, abm). Immunostaining was performed at
4 °C overnight. Antigen staining was visualized with Alexa fluor-
conjugated 633 (AF-633), 555 (AF-555), and 488 (AF-488) class-
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specific secondary antibodies (1:400 dilution, Invitrogen). Nuclei
were visualized with 4,6-diamidino-2-phenylindole (Dapi,
1:10000 dilution, Sigma) staining.

Large field microscopy was performed with Leica DM4000B
microscope (Leica, Solms, Germany, LAS version 3.7.0). Confocal
z-stacks were captured using Zeiss LSM710 confocal microscope
(Carl Zeiss AG, Jena, Germany). 10x, 20%, or 63x oil objectives
were used for all acquisitions. Images were processed using Imaris
software (Bitplane AG, Switzerland) and Zen software to obtain
maximum intensity projection along the z-axis. The quantification
values of infection were obtained by calculating the percentage of
infected cells over the total cells for each view field.

To quantify perforin polarization to the synaptic area a
minimum of 300 conjugates were analyzed and data are
presented as a percentage of polarized immune synapses
formed with infected and uninfected DSCs.

Western blotting

5x10° cells were lysed in RIPA buffer in the presence of a
protease inhibitor cocktail (ThermoFisher) for 30 min at 4°C.
Protein concentration was determined by Bradford assay
(ThermoFisher). Dendritic cells (DC) were derived from CD14P%
peripheral blood monocytes (CD14 positive selection kit, Miltenyi)
that were cultured for five days with 20 ng/ml recombinant GM-
CSF (Miltenyi) and 50 ng/ml IL-13 (Sanofi-Aventis donation).
Equal amounts of protein were resolved on 4-20% Mini Protean
gradient gels (Bio-Rad Laboratories) then transferred to
nitrocellulose membranes (ThermoFisher). Protein expression was
analyzed using anti-AXL (C89E7, Cell Signaling Technology) or
anti-DC-SIGN (D7F5C, Cell Signaling Technology) rabbit mAbs
followed by HRP-conjugated Goat Anti-Rabbit IgG secondary
antibody (Jackson ImmunoResearch). Blots were developed by
chemiluminescence assay (Bio-Rad Laboratories). Anti-B-actin
(mouse mAb, Sigma Aldrich) was used to confirm protein loading.

Multiplex cytokine and chemokine arrays

Cell free culture supernatants from 5 independent donors’
experiments were collected 48 hours” post-infection and stored
at —80°C for quantification of soluble mediators. Cytokines,
chemokines and growth factors levels were measured using a
multiplexed Affymetrix cytokine assay according to the
manufacturer protocol (Procarta/Ozyme). The following
cytokines and chemokines were analyzed: IL-1f, IL-1, IL-6,
CXCL8, IL-10, IL-12, IL-1RA, TNF-a, IEN-o, IFN-, IFN-y,
IFN-2, CCL2, CCL3, CCL4, CCL5, CXCL1, CXCL10, CXCL12,
G-CSF, GM-CSF, M-CSF, FGF2, VEGF-A, sFasL, sICAM-1,
TRAIL, Granzyme B, MMP-2, MMP-9 and LAP.
Measurement and analysis were performed using the BioRad
Bio-Plex System (BioRad, France).
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Quantification and statistical analysis

All experiments were conducted on donor matched DSCs and
dNK cells. At least three independent donors were used for
experiments. Statistical analyses were performed using the
GraphPad Prism software 9 (GraphPad Software, La Jolla, USA).
Graphs represent mean values + S.EM. P values were determined
by two-tailed Student’s t test to compare two parameters. For paired
and unpaired multiple comparisons, statistical significance of
differences was evaluated by repeated-measures analysis of
variance with the Greenhouse and Geisser correction, and the
Dunn or Newman-Keuls post hoc test. P-values of less than 0.05
are considered statistically significant and shown for each Figure.
*p <0.05, **p < 0.01, **p <0.001, ***p<0.0001.
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