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Fetal MAVS and type I IFN signaling pathways
control ZIKV infection in the placenta and maternal

decidua

Yael Alippe!®, Leran Wang?®, Reyan Coskun'*@®, Stéfanie P. Muraro*®, Fang R. Zhao'®, Michelle Elam-Noll}, J. Michael White’®,
Daiana M. Vota®@®, Vanesa C. Hauk®®, Jeffrey I. Gordon>>*®, Scott A. Handley?®, and Michael S. Diamond>>7%°@®

The contribution of placental immune responses to congenital Zika virus (ZIKV) syndrome remains poorly understood. Here,
we leveraged a mouse model of ZIKV infection to identify mechanisms of innate immune restriction exclusively in the fetal
compartment of the placenta. ZIKV principally infected mononuclear trophoblasts in the junctional zone, which was limited
by mitochondrial antiviral-signaling protein (MAVS) and type | interferon (IFN) signaling mechanisms. Single nuclear RNA
sequencing revealed MAVS-dependent expression of IFN-stimulated genes (ISGs) in spongiotrophoblasts but not in other
placental cells that use alternate pathways to induce 1SGs. ZIKV infection of Ifnarl~/- or Mavs~/~ placentas was associated
with greater infection of the adjacent immunocompetent decidua, and heterozygous Mavs*/~ or Ifnarl*/~ dams carrying
immunodeficient fetuses sustained greater maternal viremia and tissue infection than dams carrying wild-type fetuses. Thus,
MAVS-IFN signaling in the fetus restricts ZIKV infection in junctional zone trophoblasts, which modulates dissemination and

outcome for both the fetus and the pregnant mother.

Introduction

Zika virus (ZIKV) is a mosquito-borne flavivirus that can be
transmitted vertically, resulting in adverse pregnancy outcomes
including fetal growth restriction, microcephaly, fetal demise,
and developmental disorders observed at or after birth (Brasil
et al., 2016; Sarno et al., 2016; Ventura et al., 2016). Vertical
transmission of ZIKV usually occurs via spread from the ma-
ternal circulation to the maternal decidua and then to the fetal-
derived placenta, where it infects several cell types including
trophoblasts and endothelial cells (Cao et al., 2017; Coyne and
Lazear, 2016). However, the basis for cell tropism in the placenta
is not well understood.

ZIKV-induced fetal pathology depends on the gestational age
at the time of infection (Brasil et al., 2016; Kleber de Oliveira
et al.,, 2016), as the stage in pregnancy influences maternal
immunity, maternal-fetal barrier integrity, and ZIKV tropism
(Ander et al., 2019). Studies with human primary placental
cultures have shown that the decidua and mononuclear

trophoblasts are more susceptible to ZIKV infection at early
gestational stages (Sheridan et al., 2017). At later stages, the
placenta becomes more resistant to ZIKV infection, possibly
due to type III interferon (IFN-A) signaling in syncytiotropho-
blasts (SynT) (Bayer et al., 2015; Delorme-Axford et al., 2013).
Nonetheless, adverse fetal outcomes occur even when con-
genital ZIKV infection happens at later stages of pregnancy
(Brasil et al., 2016), and may be associated with disruption of
the trophoblast layer due to proinflammatory type I IFN-a/f
responses (Yockey et al., 2018). Apart from this, systemic ma-
ternal immune responses may affect, or be affected by, ZIKV
infection in placental and fetal tissues. Indeed, prolonged ma-
ternal viremia is associated with worsened fetal outcomes
(Pomar et al., 2021; Suy et al., 2016).

Due to limitations in obtaining human fetal samples, ver-
tical transmission and congenital ZIKV have been studied in
animal models, including mice and non-human primates
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(Morrison and Diamond, 2017). Because ZIKV antagonizes
human but not mouse STAT2 (Gorman et al., 2018; Grant et al.,
2016; Kumar et al., 2016), immunocompetent mice are rela-
tively resistant to ZIKV infection, especially when the virus is
administered by subcutaneous injection (Lazear et al., 2016).
Thus, in many mouse models, ZIKV pathogenesis during
pregnancy has been investigated in dams deficient in type I
IFN signaling. Despite anatomical and functional differences
between human and mouse placentas, mouse models reca-
pitulate features of human infection, including vertical
transmission, fetal growth restriction, and fetal demise
(Jagger et al., 2017; Miner et al., 2016; Yockey et al., 2018). In
some of these studies, type I IFN signaling in the fetus restricts
ZIKV infection but nonetheless is associated with greater fetal
death (Yockey et al., 2018). Other reports describe how type
III IFN signaling in the maternal decidua controls ZIKV in-
fection and prevents severe fetal outcomes when infection
occurs at late but not early stages of pregnancy (Casazza et al.,
2022; Jagger et al., 2017). A limitation of these models for
understanding innate immunity at the maternal-fetal inter-
face is the confounding effects of enhanced infection of the
immunocompromised dam lacking type I IFN signaling. As an
alternative approach, ZIKV has been administered by intra-
venous or intrauterine injection in immunocompetent dams,
which bypasses the inhibitory type I IFN responses in pe-
ripheral tissues that limit spread to the decidua. In these
models, ZIKV infection caused placental infection and dam-
age, fetal growth restriction, and fetal demise, albeit to
varying degrees (Cugola et al, 2016; Szaba et al, 2018;
Vermillion et al., 2017). Thus, the immunocompetent mouse
placenta may be susceptible to ZIKV infection if the virus can
access the maternal decidua, although the mechanisms un-
derlying cell tropism and innate immune responses at this
interface are undetermined.

Here, we used breeding schemes designed to identify effects
of specific innate immune signaling pathways in the fetal com-
partment of the placenta in the context of intact maternal
immune responses. Intravenous inoculation of ZIKV in im-
munocompetent dams at mid-gestation resulted in infection
of the maternal decidua and the junctional zone of immuno-
competent placentas and growth restriction of the developing
fetus. A loss of fetal mitochondrial antiviral-signaling protein
(MAVS) signaling, which is downstream of RIG-I-like viral
sensors, or type I IFN signaling (through loss of IFNARI en-
gagement or downstream STATI signaling), promoted ZIKV
infection throughout the junctional zone and its spread to the
fetus. Single nuclear RNA sequencing (snRNAseq) analysis of
ZIKV-infected wild-type (WT) or Mavs~/~ placentas revealed
MAVS-dependent, cell-intrinsic induction of IFN-stimulated
(ISG) and viral-stimulated (VSG) genes in permissive junc-
tional zone cells (spongiotrophoblasts [SpT]) and suggested the
existence of MAVS-independent host defense pathways in other
cells of the fetal placenta. Notably, enhanced ZIKV infection in
SpT due to a lack of fetal MAVS and IFN signaling was sufficient
to cause greater infection in adjacent immunocompetent feto-
placental and decidual units as well as in the dam, suggesting
that ZIKV replication in the placenta can modulate infection
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kinetics and possibly outcomes in the
pregnant host.

immunocompetent

Results

Placental ZIKV infection in immunocompetent mice

Because ZIKV fails to evade type I IFN responses in mice (Grant
et al., 2016; Kumar et al., 2016), infection of immunocompetent
pregnant dams is aborted after subcutaneous inoculation and
does not cause infection of the placenta or developing fetus
(Miner et al., 2016). To overcome this limitation, one approach
has been to use human STAT2 knock-in/murine Stat2 knockout
(KO) mice to surmount the species-dependent innate immune
restriction of ZIKV (Gorman et al.,, 2018; Grant et al., 2016;
Kumar et al., 2016). Alternatively, others have inoculated preg-
nant immunocompetent mice by intravenous injection, which
bypasses peripheral antiviral immune responses, and results in
vertical transmission of ZIKV (Cugola et al., 2016; Szaba et al.,
2018). To study placental immune responses to ZIKV, whereby
some of the fetal placental units are immunodeficient but the
dam is immunocompetent, we leveraged breeding schemes (+/-
female x —/- male) and the intravenous inoculation model
in WT C57BL/6 mice using a mouse-adapted ZIKV strain (Dakar
41525 NS4B-GI8R, hereafter ZIKV) (Gorman et al., 2018).

To first establish the vertical transmission model, we inoc-
ulated WT dams that had been mated to WT sires with ZIKV
(Dakar 41525 strain) at mid-gestational age (embryonic day 9.5;
E9.5) after placentation is established and most trophoblast
subtypes are present (Elmore et al., 2022; Hemberger et al.,
2020; Isaac et al., 2014). Intravenous inoculation with 3.5 x 10°
or 3.5 x 10° focus-forming units (FFU) of ZIKV induced greater
fetal demise at E17.5 than mock-infected dams or those infected
with a lower dose (3.5 x 10* FFU) of ZIKV (Fig. 1 A). Mild, but
statistically significant, fetal growth restriction was seen with
the 3.5 x 108 FFU dose but not with the lower doses (n = 4-8 dams
per group; P < 0.0001, Fig. 1 B). These outcomes were associated
with detectable viral RNA in the maternal spleen, maternal de-
cidua, and the fetal compartment of the placenta. However, we
detected little, if any, ZIKV RNA in the fetal heads (Fig. 1 C), as
previously reported for immunocompetent mice inoculated with
similar doses (Szaba et al., 2018).

Viral RNA in situ hybridization (ISH) studies in tissues har-
vested at E17.5 (corresponding to 8 days post-infection [dpi])
showed that ZIKV preferentially infects the junctional zone of
the fetal placenta and proximal decidua (Fig. 1 D). In the junc-
tional zone, we detected ZIKV RNA in Prl7a2* SpT and Pcdh2*
glycogen cells (GlyC) (Marsh and Blelloch, 2020; Simmons et al.,
2008; Zhou et al., 2021) (Fig. 2 A, top panel). We observed a
similar pattern of infection using Pri3bl, another SpT marker
(Marsh and Blelloch, 2020; Simmons et al., 2008; Zhou et al.,
2021) (Fig. 2 A, bottom panel, and Fig. 2 B, inset 1). We generally
did not observe ZIKV staining in the labyrinth zone, except in
some Prl3bl* SpTs present in this layer (Fig. 2 A, stars), which are
distinguished from sinusoidal trophoblast giant cells (S-TGC) by
differential expression of Ctsq (Simmons et al., 2007) (Fig. 2 A,
bottom panel). ZIKV RNA also was found in parietal trophoblast
giant cells (P-TGC) underlying the decidua, which express Pri3bl
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Figure 1. ZIKV induces fetal growth restriction and infection of the junctional zone in immunocompetent mice. (A and B) WT C57BL/6 dams were
inoculated via intravenous injection at E9.5 with saline or increasing doses of ZIKV (3.5 x 104, 3.5 x 10°, or 3.5 x 106 FFU), and outcomes were assessed at E17.5
(8 dpi). (A) Fetal viability: percentage of resorbed or unviable fetuses/total fetuses (7% in naive, 3% for 3.5 x 10* FFU dose, and 30% for 3.5 x 10° and 3.5 x 106
FFU doses). (B) Fetal size was determined as crown-rump length x occipital-frontal diameter. (A and B) Data are from three experiments; n (dams) = 8, 4, 9,
and 5 per group (mock, 3.5 x 104 3.5 x 10, or 3.5 x 10° FFU, respectively); the number of fetuses is denoted above columns in A; data points in B indicate
individual fetuses. (C) ZIKV RNA levels in maternal spleen, decidua, placenta, and fetus. Data are from three experiments: n (dams) = 4, 9 and 5, and n (fetuses
and placentas) = 29, 37, and 12 per dose (3.5 x 10%, 3.5 x 105, or 3.5 x 106 FFU, respectively). (D) Top: ISH of ZIKV RNA in placentas from dams inoculated with
3.5 x 104 3.5 x 105, or 3.5 x 10° FFU. Placenta images at 2.5x magnification (scale bars: 1 mm); red insets at 10x magnification (scale bars: 250 um), and black
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insets at 40x magnification (scale bars: 50 um). Red arrowheads, P-TGC; numbers indicate the corresponding inset. D, decidua; Z, junctional zone; LZ, labyrinth
zone. Bottom: quantification of ZIKV-positive areas was performed by semiautomated analysis using QuPath software (Bankhead et al., 2017). Each data point
represents the average of at least two tissue sections from the same placenta. n = 2 (3.5 x 10* FFU) and n = 5 (3.5 x 10° and 3.5 x 10 FFU) placentas from two
dams per group, three independent experiments. Statistical analysis: (A) Chi-squared test with Bonferroni correction (each dose compared to mock; ***P,¢; <
0.001, ns, not significant); (B and D) One-way ANOVA with Dunnett’s post-test; (*P < 0.05, ****P < 0.0001, ns, not significant); (C) Kruskal-Wallis ANOVA with
Dunn’s post-test (*P < 0.05, **P < 0.01, ****P < 0.0001, ns, not significant). Dotted lines represent the limit of detection (LOD).

but not Ctsq, and feature prominently large nuclei (Elmore et al.,
2022; Simmons et al., 2007) (Fig. 1D, red arrowheads, and Fig. 2
B, inset 2). Finally, ZIKV staining was detected in the decidua
in both invasive GlyC and vimentin* decidual stromal cells
(Fig. 2 C).

At the 3.5 x 10° or 3.5 x 10° FFU doses, ZIKV infection resulted
in a decrease in the total placental area, which reflects reduc-
tions in the decidua and junctional zone, but not the labyrinth
zone (Fig. S1 A). Histological analysis showed that placentas
from ZIKV-infected dams displayed cellular and structural
changes in all layers compared with mock-infected dams. In the
decidua, we observed varying degrees of leukocyte infiltration
depending on the ZIKV dose (Fig. S1 B). Foci of cell necrosis in
the junctional zone, which also can be physiological at this
gestational stage (Detmar et al., 2019), were observed at the
higher but not the lower ZIKV dose, and this was associated
with reductions in staining for the pan-trophoblast marker
cytokeratin 7 (CK7), loss of nuclei, and vascular congestion in
the SpT cell layer (Fig. S1, B and C). The higher inoculating dose
of ZIKV also resulted in an alteration of the mesenchyme-
vascular architecture in the labyrinth zone, as reflected by
changes in vimentin staining (Fig. S1 D). Thus, in this immu-
nocompetent mouse model, infection of the dam with ZIKV
Dakar 41525 induced changes in placental structure and function
that impacted fetal development, as reported for other ZIKV
strains (Cugola et al., 2016; Szaba et al., 2018).

We next performed a time course to study the kinetics of
viral infection at the maternal-fetal interface. After inocu-
lating pregnant dams at E9.5 with 3.5 x 10® FFU of ZIKV, levels
of viral RNA in the maternal decidua peaked at 4 dpi (E13.5)
and remained elevated through 8 dpi (E17.5). However, levels
in the fetal placenta increased over time, with approximately
fivefold higher levels (P < 0.001) measured at E17.5 (8 dpi)
than at E11.5 (2 dpi) (n = 2-3 dams and 6-7 placentas/time
point). Low levels of viral RNA were present in the fetal heads,
with a small peak at E13.5 (4 dpi) (Fig. 2 D). We also observed a
small, but statistically significant, increase in yield of infec-
tious virus over time in the fetal placenta but not in the ma-
ternal decidua (Fig. 2 E). These data suggest that the fetal
compartment acts as a replicative niche for ZIKV, although
susceptible cells in the decidua also might act as reservoirs
as previously proposed (Guzeloglu-Kayisli et al., 2020). In-
creased viral infection in the fetal placenta correlated with
higher levels of proinflammatory chemokine and cytokines
(e.g., CCL5, CXCL10, CCL2, CXCL1, IL-2, G-CSF) in this com-
partment, especially at later time points (Fig. S1 E). Overall,
our data suggest that intravenous injection of ZIKV in im-
munocompetent dams results in infection of the decidua and
placenta, which leads to inflammation at the maternal-fetal
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interface, placental damage, fetal growth restriction, and, in
some instances, fetal demise.

A MAVS-IFNAR1 signaling pathway restricts ZIKV infection in
the placenta

One pathway for induction of type I IFNs after flavivirus in-
fection is through recognition of viral RNA by RIG-I-like re-
ceptors (RLRs), such as RIG-I and MDAS5, and downstream
MAVS signaling (Loo and Gale, 2011). We hypothesized that the
MAVS and IFNARI signaling pathways in the fetal compartment
might have a role in restricting transmission of ZIKV across the
maternal-fetal interface. To study these pathways exclusively in
the fetal placenta, we crossed Mavs*/~ or Ifnarl*/~ heterozygous
dams with the corresponding heterozygous or KO sires to obtain
immunodeficient fetal placentas (Mavs~/~ or Ifnarl~/-) carried by
dams with one functional Mavs or Ifnar] allele (see Materials and
methods). We inoculated these dams intravenously with 3.5 x
105 FFU of ZIKV at E9.5 and euthanized them at E17.5 for tissue
collection.

In Mavs*/~ females mated with either Mavs*/~ or Mavs~/~
males, infection of the deciduas adjacent to Mavs~/~ placentas
was ~10-fold higher (P < 0.0001) than in decidua from WT x WT
crosses (Fig. 3 A, left). Infection levels were similarly increased
in Ifnarl*/~ deciduas adjacent to Ifnarl~/~ placentas, which were
obtained by crossing Ifnarl*/~ females with either Ifnarl*/~ or
Ifnarl~/- males (Fig. 3 B, left). Haploinsufficiency was not ob-
served as ZIKV infection was equivalent in the maternal de-
ciduas or placentas of WT, Mavs*/~, or Ifnarl*/~ dams after
crossing to WT sires (Fig. 3, A and B, right). Thus, the higher
levels of virus in the Mavs*/~ or Ifnarl*/~ decidua adjacent to
immunodeficient placentas suggest that virus may spread from
the highly infected adjacent tissues; indeed, Mavs~/~ or Ifnarl-/
placentas had ~30-fold higher levels (P < 0.0001) of ZIKV RNA
than those from WT dam and sire matings (n = 5 dams/group;
Fig. 3, C and D, left).

Mavs~/~ fetuses derived from Mavs*/~ x Mavs™/~ or Mavs*/~
matings also had higher ZIKV RNA levels than those from WT x
WT crosses (Fig. 4 A, left). Infection trended higher in Ifnarl~/-
fetuses derived from Ifnarl*/~ x Ifnarl*/~ or Ifnarl”/~ crosses
(Fig. 4 B, left). Haploinsufficiency effects were ruled out as ZIKV
RNA was undetectable in fetuses from WT x WT, Mavs*/~ x WT,
or Ifnarl*/~ x WT crosses (Fig. 4, A and B, right). These results
suggest that deficiencies in MAVS and type I IFN signaling in the
fetal placenta cause greater infection at the fetal-maternal in-
terface, which can spread to neighboring fetoplacental units. To
confirm the effects of deficiencies of IFN signaling, we evaluated
ZIKV infection in placentas and fetuses deficient in STATI,
which acts downstream of type I IFN receptor engagement.
When Statl*/~ dams mated to Statl™/~ sires were inoculated at
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Figure 2. ZIKV targets specific cell types in the decidua and junctional zones. (A-C) Representative images of multiplexed FISH of WT placentas after
infection with 3.5 x 106 FFU ZIKV at 8 dpi. (A) ZIKV, Prl7a2 (SpT), Pcdhi2 (GlyC) RNA (top panel), and ZIKV, Pri3b1 (SpT, S-TGC, and P-TGC), and Ctsq (S-TGC)
(bottom panel). Placenta images at 2.5x maghnification (scale bars: 1 mm); yellow insets: maximum projection of three to four confocal z-stacks taken at 20x
magnification (scale bars: 50 um). White arrowheads, SpT; yellow arrowheads, GlyC; magenta arrowheads, ZIKV staining only; asterisks and orange arrow-
heads, SpT in labyrinth zone; light blue arrowheads, S-TGC. (B) ZIKV, Pri3b1 (SpT, S-TGC, and P-TGC), and Ctsq (S-TGC). Placenta images at 2.5x magnification
(scale bars: 1 mm); numbers indicate the corresponding inset. Yellow inset 1: maximum projection of three to four confocal z-stacks taken at 20x magnification

Alippe et al. Journal of Experimental Medicine
Innate immune control of ZIKV in the placenta https://doi.org/10.1084/jem.20240694

5 of 25


https://doi.org/10.1084/jem.20240694

(scale bars: 50 um; purple arrowheads, SpT); yellow inset 2: scale bars = 100 pum; white insets zoomed at 200% (scale bars = 20 um). (C) ZIKV, Pchd12 (GlyC),
and vimentin (endothelial and stromal cells). Maximum projection of three to four confocal Z-stacks taken at 20x magnification of the decidua (D) and
junctional zone (JZ), and insets zoomed 200% (scale bars: 50 um; white arrowheads, GlyC; yellow arrowheads, decidual stromal cells). (A-C) Samples are from
two experiments, n = 2 dams, 2 placentas each. (D and E) Time course analysis of ZIKV infection by qRT-PCR (viral RNA) (D) or plaque assay (infectious virus)
(E) in the decidua and the fetal placenta at 2 dpi (E11.5), 4 dpi (E13.5), and 8 dpi (E17.5) after inoculation with 3.5 x 10° FFU ZIKV. Each data point represents an
individual decidua or fetal placenta from n = 2 (2 and 4 dpi) and n = 3 (8 dpi) dams from two experiments. Statistical analysis: (D and E) Kruskal-Wallis ANOVA
with Dunn’s post-test (*P < 0.05, **P < 0.01, ****P < 0.0001, ns, not significant). The dotted lines represent the LOD.

E9.5, we observed higher ZIKV burden at E17.5 in Statl™/~ pla-
centas and fetuses compared with those obtained from separate
WT x WT crosses (Fig. 4 C). Higher levels of ZIKV RNA also were
detected in Statl*/~ fetuses derived from Statl*/~ x Statl™/~
crosses. Taken together, these results suggest a key role for in-
nate immune sensing and signaling via MAVS, type I IFN, and
STAT1 in the fetal compartment of the placenta.

We next evaluated whether other pathogen recognition re-
ceptor and antiviral signaling pathways impacted ZIKV infection
at the maternal-fetal interface; we focused on key sensing and
downstream signaling pathways that had not been assessed
previously in pregnancy models. Toll-like receptors (TLRs) such
as TLR7/8 or TLR9 can recognize flavivirus RNA in endosomes
and activate type I IFN signaling through the MyD88 adaptor
protein (Lester and Li, 2014; Suthar et al., 2013). However, an
absence of fetal TLR7 or TLR9 expression did not result in a
significantly increased viral burden in the decidua, placenta, or
fetus (Fig. S2, A and B). Unexpectedly, and for reasons that re-
main unclear, a loss of fetal expression of MyD88, which acts
downstream of several TLRs as well as ILIR, paradoxically re-
sulted in lower viral burden in the decidua and placenta (Fig. S2
C). We also observed no impact in the decidua, placenta, or fetus
due to a lack of STING, a signaling adaptor of the cGAS pathway
that restricts ZIKV infection in vitro in fibroblasts and glioma
cells and in vivo in the developing Drosophila brain (Ding et al.,
2018; Li et al., 2022; Liu et al., 2018) (Fig. S2 D). Finally, we tested
the effects of type III IFN-A signaling in our model by crossing
Ifnlr1*/~ dams with Ifnlrl~/~ sires. Levels of ZIKV RNA in the
deciduas, placentas, and fetuses from Ifnlrl*/~ x Ifnlrl-/~ crosses
were equivalent to those from WT x WT crosses (Fig. S2 E),
which agrees with a study showing a dominant antiviral role of
IFN-A in the maternal decidua, but not in the fetal placenta
(Casazza et al., 2022). Overall, these data suggest that fetal TLR7,
TLR9, MyD88, STING, and IFN-A do not have substantive
antiviral effects on ZIKV burden in the fetal placenta and
developing fetus.

MAVS and type | IFN signaling restrict ZIKV infection in the
junctional zone of the placenta

We performed viral RNA ISH to address how MAVS and IFNAR1
deficiencies affect ZIKV tropism in the placenta and adjacent
decidua. Deciduas associated with Mavs*/~ or Ifnarl*/~ placentas
showed relatively similar levels and distributions of ZIKV RNA
(Fig. 5 A and see Fig. 1 D) compared with those adjacent to WT
placentas obtained from WT x WT matings. In contrast, Mavs~/~
and Ifnarl~/~ placentas showed intense staining of viral RNA in
the junctional zone and greater amounts in the adjacent Mavs*/
or Ifnarl*/~ maternal decidua but not in the labyrinth zone (Fig. 5
A). Within the junctional zone, we observed concentrated ZIKV
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RNA staining in the SpT layer of Mavs™/~ placentas, with pref-
erentially increased signal in P-TGCs in Ifnarl~/~ placentas (Fig. 5
A). Multiplexed fluorescence-based ISH (FISH) and FISH com-
bined with immunofluorescence analysis confirmed the in-
creased susceptibility of SpTs (Prl7a2*) to ZIKV infection in
Mavs™- and Ifnarl~/- placentas (Fig. 5 B) compared with WT
placentas (see Fig. 2, A and B). We also detected higher amounts
of ZIKV RNA in P-TGCs (Ctsq-, Prl3bl*; oversized nuclei) in
Ifnarl~/~ compared with Mavs~/~ placentas (Fig. 5 C). We ob-
served little ZIKV RNA staining in S-TGCs (Ctsq*/Pri3bl*) un-
derlying the junctional zone in placentas of both genotypes
(Fig. 5 C). ZIKV RNA also was sporadically detected in GlyCs
(Phcd12*) in the junctional zone of Mavs~/- or Ifnarl~/~ placentas
(Fig. 5 B), including ones invading the decidua, and in vimentin*
maternal stromal cells (Fig. S3 A). For most fetuses, we did not
detect viral RNA by ISH, regardless of the genotype (Fig. S3 B).
Nonetheless, in some ZIKV-infected Ifnarl~/~ fetuses, ZIKV RNA
staining was apparent and associated with abundant infection in
the labyrinth zone of the placenta (two of six Ifnarl~/~ fetuses;
Fig. S3 C). In these placental samples, ZIKV RNA localized to the
fetoplacental endothelium (Vim*/CD31 [Pecami]*) (Fig. S3 E) and
syncytial cells (CK7*/Ctsq™), but not S-TGC (CK7*/Ctsq*) (Fig.
S3 F). Thus, these results suggest potential actions of type I
IFN signaling beyond the junctional zone of the placenta.

Persistent ZIKV viremia occurs in pregnant, but not non-
pregnant, women (Driggers et al., 2016; Pomar et al., 2021).
Because we observed increased ZIKV infection in the decidua
of heterozygous dams carrying homozygous Mavs~/~ or
Ifnarl~/~ fetuses, we hypothesized that higher infection in the
fetal placenta might spread back to the dam and result in in-
creased maternal infection. To evaluate this hypothesis, we
compared ZIKV infection in non-pregnant and pregnant WT,
Mavs*/~, or Ifnarl*/~ females, with dams, respectively, bearing
WT, Mavs™'~, or Ifnarl™/~ fetuses (Fig. 6). At 8 dpi, ZIKV RNA
levels in the spleen of non-pregnant WT, Mavs*/~, or Ifnarl*/
females were similar, and viral RNA was absent from the se-
rum, uterus, or ovaries. Pregnant dams tended to have higher
ZIKV RNA levels in the spleen and uterus than non-pregnant
females. Viral burden in Mavs*/~ and Ifnarl*/~ dams mated with
WT sires was comparable with WT dams mated with WT sires,
whereas Mavs*/~ and Ifnarl*/~ dams carrying Mavs™/~ or
Ifnarl™/~ fetuses had the highest levels of infection, including
sustained viremia (Fig. 6). Despite these results, we did not
observe weight loss or signs of clinical disease in any of the
dams, consistent with previous results from ZIKV-infected
immunocompetent mice (Lazear et al., 2016). These data sug-
gest that pregnant dams do not clear ZIKV infection efficiently
when MAVS or IFNARI1 signaling is deficient in the fetal
compartment.
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snRNAseq analysis reveals cell-type-specific innate immune
signaling programs

To gain more insight into the cell-type-specific responses
against ZIKV infection at the maternal-fetal interface, we per-
formed snRNAseq analysis on WT or Mavs~/~ placentas and their
corresponding deciduas from WT female x WT male crosses or
Mavs*/~ female x Mavs™/~ male crosses. After intravenous inoc-
ulation with ZIKV or PBS (mock) at E9.5, we analyzed the
transcriptional changes in WT and Mavs /- placentas at E12.5 (3

Alippe et al.
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dpi) and EI15.5 (6 dpi). We used earlier time points for the
snRNAseq experiment to maximize the number of viable pla-
centas at the time of collection and allow for the detection of
innate immune responses, which could occur preferentially at
earlier stages of infection. Analysis of viral RNA in littermates
confirmed greater viral burden in Mavs~/~ placenta and adjacent
decidua compared with WT controls (~10 and ~20 fold, re-
spectively at 6 dpi; P < 0.0001; Fig. S4 A). We obtained 98,661
nuclei with a median of 3,077 genes detected per nucleus after
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10x magnification (scale bars: 250 um). Quantification of ZIKV-positive areas as performed by semiautomated analysis using QuPath software (right panel).
Each data point represents the average of at least two tissue sections from the same placenta (three to five placentas from at least two dams). Maternal
decidua samples were grouped by the genotype of the corresponding fetus. Open symbols indicate samples from Mavs*/~ x Mavs*/~ and Ifnar1*/~ x Ifnarl*/~
crosses, shaded symbols are Mavs*/~ x Mavs~~ and Ifnar1*/~ x Ifnarl~/~ crosses. Dotted horizontal lines represent the LOD of the assay. (B and C) Repre-
sentative images of multiplex FISH for ZIKV, Prl7a2, and Pcdh12 RNA (B), or for ZIKV, Ctsq, and Pri3b1 RNA (C) in Mavs™~ or Ifnarl~/~ placentas at 8 dpi. Placenta
images at 2.5x maghnification (scale bars: 1 mm); insets are maximum projection of three to four confocal z-stacks taken at 20x magnification (scale bars: 50
um). (B) White arrowheads, GlyG; yellow arrowheads, SpT. (C) White arrowheads, ZIKV- P-TGGC; magenta arrowheads, ZIKV* P-TGC; orange arrowheads, SpT.
Images are representative of two experiments, n = 2 dams per group. Statistical analysis: (A) Kruskal-Wallis ANOVA with Dunn’s post-test (comparison to WT

tissues from WT x WT matings; **P < 0.01, ns, not significant).

data processing and quality control (see Materials and methods).
Seurat integrated analysis (Haghverdi et al., 2018; Stuart et al.,
2019) and graph-based clustering identified cell types in ma-
ternal and fetal compartments based on analysis of canonical
cellular markers (Fig. S4, B-D; see Materials and methods). Cell
clusters derived from the dam included decidual stromal cells
(Dec-Str), immune cells (Mat-Imm), and endothelial cells (Mat-
Endot), among others (see Materials and methods). We also
identified cell types in the fetal placental compartment, includ-
ing the main trophoblast subtypes from the junctional zone
(SpT, GlyCs, and junctional zone precursors [JZP]) and the lab-
yrinth zone (labyrinth precursors, SynT [SynTI and SynTII],
endothelial cells [Fetal-Endot], and S-TGC) (Fig. 7 A and Fig.
S4 D). While we detected a small population of Ptprc*/Lyz2*
cells (Fig. S4, C-E, Mix-Imm) that could represent placental fetal
macrophages, this cluster exhibits a mixed expression of Xist and
Ddx3y and thus may include cells of maternal origin. Never-
theless, very few cells were detected for this cluster at any given
condition (<20 cells per sample, Fig. S4 E), reflecting their low
abundance in the murine placenta (Freyer et al., 2022).

We focused our analysis on ZIKV-induced transcriptional
responses at 6 dpi (E15.5), as most of the differentially expressed
genes were upregulated at this time point compared with 3 dpi
(Fig. 7 B). We selected specific cell clusters that were permissive
for infection (see Fig. 5 and Fig. S3 A) and/or showed greater
changes in gene expression (Fig. 7 B). Hallmark pathway en-
richment analysis revealed that at 6 dpi, pathways related to
immune responses were upregulated in all clusters from both
genotypes, except for the SpTs of Mavs~/~ placentas, which
showed a reduced enrichment of genes related to IFN and other
immune responses, including IFN-a and IFN-y pathways (Fig.
S4 F). We next analyzed the expression of several ISGs and VSGs
that were among the most upregulated genes at 6 dpi after ZIKV
infection (Fig. 7 C and GEO accession GSE269612). In the ma-
ternal compartment of uninfected animals, baseline ISG ex-
pression was comparably low between WT or Mavs*/~ deciduas
(Fig. 8 A, left panel). ZIKV infection induced expression of RLRs
(Ddx58/Rig-I, Ifih1/Mda5), genes downstream of IFNAR signaling
(Statl, Stat2), and antiviral signaling genes (Ifitl, Ifitm3, Oasl,
Rsad2) in Mat-Imm and Mat-Endot cells, and to a lesser extent in
decidual stroma, whereas chemokine expression was observed
principally in Mat-Imm cells (Fig. 8 A, left panel, and Fig. 7 C). To
corroborate our cell-type-specific analyses, we validated Rsad2
and Ifitl expression through an orthogonal imaging approach;
these genes were selected due to their high expression across
different cell clusters and because they represent MAVS-
dependent or MAVS-independent ISGs in specific cell types.

Alippe et al.
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FISH analysis of samples collected at 8 dpi confirmed ZIKV-
induced expression of Rsad2 and Ifitl in CD3I (Pecaml)* decidual
endothelial cells, CD45 (Ptprc)* decidual immune cells, and vi-
mentin (Vim)* Dec-Str cells (Fig. 8 B, insets 1 and 3, Fig. 8 C, and
Fig. 9 A), and this pattern was independent of the fetal genotype.

In the fetal placenta, our snRNAseq analysis showed that
the responses to ZIKV infection varied by cell type and gen-
otype (Fig. 8 A, right panel, and Fig. S5 A). GlyCs of both WT
and Mavs~/~ placentas showed upregulation of several ISGs at
6 dpi, including those related to RLR expression and function
(Ddx58/Rig-1, Ddx60 and Ifih1/Mda5), IFN induction and sig-
naling (Irf7, Statl, and Stat2), and antiviral effector activities
(Oasl2, Ifitl, Ifit2, Ifit3, and Rsad2 [viperin]), although the
magnitude of the response trended lower in Mavs™~ cells
(Fig. 7 D and Fig. 8 A, right panel). FISH analysis at 8 dpi
showed that Rsad2 and Ifitl colocalized with Pcdhi2* GlyCs in
the junctional zone and those invading the decidua in WT
placentas, whereas in Mavs™/~ placentas, Rsad2 expression was
detected only in invasive GlyCs (Fig. 9, A and B). Our tran-
scriptomic analysis showed that host defense responses were
more MAVS-dependent in SpTs, including upregulation of
Ddx60, Rsad2, Uspls, Ifihl, Isgl5, and Irf7 (Fig. 7 D, Fig. 8 A, right
panel, and Fig. S5 A). Indeed, Rsad2 expression was increased
in the junctional zone of ZIKV-infected WT but not Mavs™/~
placentas (Fig. 9 C). Within the junctional zone of WT pla-
centas, Rsad2 colocalized with some CK7* P-TGCs (Fig. 9 D,
insets 1 and 3), and with Prl7a2* SpTs (Fig. 9 E, insets 1 and 3),
but this pattern was not observed in Mavs~~ placentas. In the
labyrinth zone, which was relatively resistant to ZIKV infec-
tion, there was a limited host defense response in S-TGCs and
SynTII cells, which was generally independent of MAVS sig-
naling. In comparison, expression of several RLR-related and
IFNAR signaling genes was upregulated in SynTI cells, from
either WT or Mavs~/~ placentas after ZIKV infection (Fig. 8 A,
right panel). Also, in fetal endothelial cells, we observed
higher baseline and virus-induced expression of several ISGs,
including Rsad2, Ifitl, Trim30a, and Oasl2, and this was inde-
pendent of the genotype (Fig. 8 A, right panel). FISH analysis
confirmed that the expression of Rsad2 after ZIKV infection
was principally restricted to vimentin*/CD3! (Pecaml)* feto-
placental endothelial cells in both WT and Mavs~/- placentas at
8 dpi (Fig. 8 B and Fig. 9 D; in both insets 2 and 4) and was not
detected in syncytial cells (CK7*) or S-TGC (Ctsq*) (Fig. 9, D
and E, insets 2 and 4). Thus, only some cells (e.g., SpTs) re-
quired MAVS signaling pathways to express certain ISGs after
ZIKV infection. Taken together, these data suggest that, in the
fetal placenta, there are cell-type-specific MAVS-dependent

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20240694

10 of 25


https://doi.org/10.1084/jem.20240694

Spleen Serum
—~ & ok k 84
%) %%k
6- A 6_ %%k
=3 — » ns
\8_) 4 A A ’é A 44 ns
o |& ﬁ ® A A *
D 2lo 2 o owT
& R e T No pregnant (NP)
o 5 A Mavs™”
NP Pregnant NP Pregnant @ WT (x WT)
. Mavs” x WT
Uterus Ovaries » ., |Pregnant
8 " 8 A Mavs™x Mavs™
o - A Mavs™ x Mavs”
8 6 e " 6 *k
g_ 44 : AA 4 ns
A
S o & .= 21 e .
[ L B A D -—
w
0= T T T 01— T T T T T
NP Pregnant NP Pregnant
Spleen Serum
8 * % 8
8 *%
D 64 ns o, oo 6 xE¥
g T o e
\g_’ 44 @ . 4 ns
0 |&® = RY <&
¢ O WT
E 240 2+ - 4 No pregnant (NP)
w <& Ifnart
0= T T T T T 0= T T T T T
NP Pregnant NP Pregnant @ WT (x WT)
+/-
' Ifnar1™” (x WT) Pregnant
Uterus* Ovaries & Ifnar1” (x Ifnar1™)
8- ok B @ Ifnart1” (x Ifnart”)
& =S p———
‘6’) o % L 4 — l;\
8 6 . N & ns
o | * _ ¢
E- ) ‘ : ) :
> O 2
L Ye = e o - & °
w
O —— ——— O e e———
NP Pregnant NP Pregnant

Figure 6. MAVS and type I IFN signaling in the placenta limit maternal infection. ZIKV RNA levels at 8 dpi in tissues from non-pregnant WT, Mavs*/~, and
Ifnar1*/~ females and pregnant WT, Mavs*/~, and Ifnar1*/~ dams mated with indicated males. Data are from three experiments, with n = 5-9 or 3-8 dams per
group (top and bottom panels, respectively). Statistical analysis: Kruskal-Wallis ANOVA with Dunn’s post-test (comparison to WT dams crossed to WT sires;
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, not significant). Dotted horizontal lines represent the LOD.

and MAVS-independent mechanisms to express ISGs at
baseline or after ZIKV infection.

As some of the MAVS-dependent induction pathways might
depend on IFNAR], we analyzed expression of Rsad2 and Ifitl at 8
dpi in Ifnarl~/~ placentas by FISH and immunofluorescence mi-
crocopy. Compared with WT and Mavs™/~ placentas, Rsad2 and
Ifitl expression was present more diffusely in Ifnarl~/~ placentas
(Fig. 9 C and Fig. 10, A and E). Rsad2 expression was detected
in some SpTs and P-TGCs of Ifnarl/~ placentas upon ZIKV
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infection (Fig. 10 B), which suggests a MAVS-dependent,
IFNARI-independent induction of Rsad2 in these cells. ZIKV-
induced expression of Rsad2 in the fetal endothelium was in-
dependent of IFNARI expression as well, as it was detected in
Ifnarl™/- vimentin* cells (Fig. 10 C). However, and distinct from
WT or Mavs™~ infected samples, Rsad2 expression was increased
in syncytial cells (CK7*) and S-TGC (Ctsq*) of Ifnarl~/~ infected
placentas (Fig. 10 D), indicating the existence of an IFNARI-
independent antiviral mechanism in these cells. Indeed, Ifitl
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Figure 7. snRNAseq of WT and Mavs~/- placentas reveals cell-type-specific innate immune responses. (A) Expression of genes unique to maternal Dec-
Str (Pgr), immune cells (Ptprc), endothelial cells (Pecam), pan-trophoblast (Tpbpa), GlyC (Ncam1 and Pchd12), SpT (Prl7a2), TGC (Ctsq), and the SynT populations,
SynTI (Glis1) and SynTIl (Vegfa). (B) Bar plot showing the number of differentially expressed genes (log, fold change [FC] > 1and P < 0.05) in mock WT versus
Mavs~~ placentas at E12.5 and E15.5 (left panel) and in ZIKV-infected WT and Mavs~~ placenta (versus mock counterparts) at 3 and 6 dpi (middle and right
panels, respectively). LaTP, labyrinth precursors. (C and D) Volcano plots of maternal (C) and fetal (D) selected clusters of infected WT and Mavs~~ placentas
and their corresponding deciduas compared with mock-infected samples. Grey symbols represent changes <0.25 log, FC; blue and red symbols represent
changes >0.5 and <-0.5 log, FC, respectively; yellow symbols denote some of the selected ISGs. The FDR was calculated by the Bonferroni correction method,
and significant genes were set as those with FDR of <0.05, expressed as -logl0 (p_val_adj); dots below the horizontal dotted line are non-significant. Two
littermate placentas of male fetuses of each genotype and condition were pooled together for snRNAseq analysis.
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Figure 8. Antiviral signaling in the maternal decidua is largely independent of fetal MAVS. (A) Average gene expression of selected ISGs and VSGs in
particular clusters of mock- and ZIKV-infected WT and Mavs~~ deciduas (right) and placentas (left). Genes selected for validation are shown in purple.
(B) Representative images of multiplexed FISH for Rsad2 and CD45 (Ptprc) RNA combined with immunofluorescence for vimentin in WT and Mavs~~ placentas
at 8 dpi. Placenta images at 2.5x magnification (scale bars: 1 mm); insets are the maximum projection of three to four confocal Z-stacks taken at 20x
magnification (scale bars: 50 pum); numbers indicate the corresponding inset. (C) FISH for Ifit1 and CD31 (Pecam-I) combined with immunofluorescence for
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vimentin in the decidua of ZIKV-infected WT and Mavs~~ placentas. Images of junctional zone (JZ) and decidua (D) at 20x magnification (maximum projection
of three to four confocal z-stacks; scale bars: 50 pm). (B and C) Data are representative of two placentas for each condition from two dams.

also was widely expressed in Ifnarl~/~ infected placentas com-
pared with WT and Mavs~/~ placentas (Fig. 10 E). In the labyrinth
zone, Ifitl expression was apparent in Ifnarl~/~ syncytial cells,
S-TGCs, and Fetal-Endot cells (Fig. 10, F and G), suggesting that a
lack of IFNARI signaling in the fetal placenta might be com-
pensated by alternative innate immune signaling pathways to
express ISGs. Indeed, quantitative RT-PCR (qRT-PCR) analysis of
tissue homogenates from WT and Mavs™~~ bulk placentas and
corresponding deciduas showed comparable expression of ZIKV-
induced genes (Fig. S5, B and C), which is consistent with the
observation that MAVS-dependent signaling after ZIKV infec-
tion is restricted to a few cell types in the fetal placenta, mainly
SpTs. Taken together, these results suggest that ZIKV infection
can activate MAVS-dependent and IFNARI-dependent, MAVS-
dependent and IFNARI-independent, or MAVS-independent and
IFNARI-dependent signaling pathways to induce ISGs and
VSGs in different cells of the junctional and labyrinth zones,
which influences viral tropism and burden.

Discussion
Our results show that in the setting of maternal immunocom-
petence, MAVS and IFNAR1 signaling pathways in the fetal
compartment of the placenta control ZIKV tropism at the
maternal-fetal interface, limit viral spread to the fetus, and
prevent sustained viremia in the dam. Our data are consistent
with studies showing increased infection in Ifnarl~/~ placentas
and fetuses compared with Ifnarl*/~ littermates in a context of
maternal IFNARI deficiency (Yockey et al., 2018), and establish
that viral innate immune sensing via MAVS in the fetal placenta
occurs independently of the dam. Our experiments also suggest
that immune responses in the junctional zone depend on MAVS
and type I IFN signaling pathways, which restrict ZIKV infection
in SpTs and P-TGCs and prevent viral spread to the fetus and
spillover back to the decidua. In comparison, MAVS- and
IFNARI-independent antiviral responses occur in other placen-
tal cell types, including fetoplacental endothelial cells and syn-
cytial trophoblasts, which are less susceptible to ZIKV infection.
Mouse models with dams lacking IFNAR1 have been utilized
to achieve placental and fetal ZIKV infection (Miner et al., 2016;
Yockey et al., 2018). However, elevated viral burden in the dam
and higher levels of maternally produced proinflammatory
cytokines complicate the analysis of responses in the fetal
compartment. As intravenous inoculation of ZIKV in immuno-
competent dams can largely bypass restriction by peripheral
maternal responses, yet still cause decidual and placental in-
fection (Cugola et al., 2016; Szaba et al., 2018), we used this
approach along with specific breeding schemes to study how
innate immune pathways in the fetal compartment of the pla-
centa impact vertical transmission in the context of intact ma-
ternal immune responses. Intravenous inoculation of ZIKV in
WT dams mated to WT sires resulted in placental infection,
injury, and inflammation, and in some instances, fetal growth

Alippe et al.
Innate immune control of ZIKV in the placenta

restriction and demise, as described by others (Cugola et al.,
2016; Szaba et al., 2018; Vermillion et al., 2017). Although
some have reported more severe fetal outcomes (Szaba et al.,
2018), the selection of virus or mouse strain may account for
such differences (Bohm et al., 2021; Carbaugh et al., 2020). We
evaluated ZIKV tropism in the fetal compartment of the pla-
centa, which is comprised of different trophoblast subtypes,
fetal immune cells, and endothelial cells, and in the maternal
decidua, which is derived from the uterine endometrium. The
fetal placenta provided a replicative niche for ZIKV, as viral
RNA increased over time in this compartment. Moreover, ISH
showed that ZIKV preferentially targeted mononuclear tropho-
blasts in the junctional zone (SpTs, P-TGCs, and GlyCs) com-
pared with the more resistant S-TGCs, SynTs, and endothelial
cells in the labyrinth zone, and the lower levels of infection in
the maternal decidua. These findings are consistent with pre-
vious work showing higher levels of ZIKV infection in mono-
nuclear trophoblasts of the junctional layer in Ifnarl™/~ dams
(Miner et al., 2016) and data from human samples suggesting
greater ZIKV susceptibility of mononuclear cytotrophoblasts
than SynT and decidual cells (Sheridan et al., 2017; Tabata et al.,
2018; Tabata et al., 2016). Notwithstanding these results, others
have reported ZIKV infection in fetal endothelial cells and SynTs
in a model of intrauterine ZIKV infection in immunocompetent
dams (Vermillion et al., 2017) and in samples from term pla-
centas of ZIKV-infected patients (Rabelo et al., 2020). Further-
more, although human placental fetal macrophages have been
described as possible ZIKV targets (Jurado et al., 2016; Quicke
et al., 2016; Simoni et al., 2017; Zimmerman et al., 2018), we
observed few CD45* or CD11b* cells in the mouse fetal placenta,
and they could not be clearly identified in our snRNAseq
analysis. Nonetheless, the cytokine signaling detected in the
fetal compartment of the placenta also might reflect paracrine
signals from immune cells at the maternal interface. Consistent
with this idea, our snRNAseq data showed higher levels of cy-
tokine and chemokine RNA in the Mat-Imm cell compartment.
Disparities in susceptible cell types may reflect differences in
experimental approach, gestational stage at the time of infec-
tion, or the species studied.

Single-cell sequencing approaches have helped to identify
and characterize the distinct placental cell populations in hu-
mans and mice (Chen et al., 2023; Han et al., 2018; Jiang et al.,
2023; Marsh and Blelloch, 2020; Nelson et al., 2016; Zhou et al.,
2021). Differential cell responses to viral infection have been
observed in human placenta samples and organoids (Ashary
et al., 2020; Barrozo et al., 2023a; Wu et al., 2023), and in a
gnotobiotic mouse model of ZIKV infection, where immune re-
sponses were identified in distinct placental microenvironments
(Barrozo et al., 2023b). We compared cell susceptibility to ZIKV
infection with transcriptional responses and cell-specific innate
immune pathways by combining directed breeding schemes,
ISH, immunofluorescence microscopy, and snRNAseq analysis.
Although the involvement of type I IFN signaling in the control
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Figure 9. ZIKV infection induces cell-specific expression of ISGs in the fetal compartment of the placenta. (A) FISH for Rsad2 and Pcdhi2 in infected
deciduas adjacent to Mavs™~ placentas. (B) FISH for Ifitl and Pcdh12 combined with immunofluorescence for CK7 in the junctional zone and decidua of ZIKV-
infected WT and Mavs™~ placentas. (C) FISH for Rsad2 RNA in WT and Mavs™~ placentas. (D) FISH for Rsad2 and CD31 (Pecam-1) RNA combined with im-
munofluorescence for CK7 in WT and Mavs™~ placentas; white arrowheads, Mat-Endot cells; yellow arrowheads, P-TGC; numbers indicate the corresponding
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inset. (E) Representative images of multiplexed FISH for Rsad2, Prl7a2, and Ctsq RNA in WT and Mavs~~ placentas. (A and B) Images of junctional zone and
decidua at 20x magnification (maximum projection of three to four confocal z-stacks; scale bars: 50 pm); white arrowheads, Rsad2 and Ifitl-expressing
GlyCs. (C-E) Whole placenta images at 2.5x magnification (scale bars: 1 mm); insets in D and E are maximum projections of three to four confocal z-stacks
taken at 20x magnification (scale bars: 50 um). (C and D) Images of ZIKV-infected WT placentas are consecutive sections from the same placenta shown in
Fig. 8 B. (A-E) Data are representative of two placentas for each condition from two dams collected at E17.5/8 dpi. D, decidua; JZ, junctional zone.

of ZIKV infection during pregnancy has been described in ani-
mal models (Miner et al., 2016; Yockey et al., 2016, 2018), it has
not been clear which innate immune responses are most rele-
vant in the fetal compartment in a setting of maternal immu-
nocompetence. While viral sensing via RIG-I/MDA5-MAVS has
been shown to restrict ZIKV infection in human placental cell
lines (Ma et al., 2018; Zhao et al., 2022), this pathway has not
been studied in vivo; however, deletion of the downstream
transcription factors Irf3 and Irf7 facilitated placental and fetal
infection in a mouse model of intravaginal ZIKV infection during
pregnancy (Yockey et al., 2016). Our breeding schemes with
immunocompetent (heterozygous) dams and immunocompe-
tent (heterozygous) or immunodeficient (homozygous) sires
enabled the generation of innate immune deficiencies specifi-
cally in the fetus. This allowed us to identify key roles for MAVS
and IFNARI signaling but not other selected innate immune
sensors or signaling molecules in the fetal placenta.

The deletion of fetal Mavs or Ifnarl resulted in widespread
infection in the junctional zone. This suggests that the cells in
the junctional zone rely on IFNARI signaling downstream of
viral sensing via MAVS to limit ZIKV infection. ZIKV RNA ap-
peared more abundant in the SpTs of Mavs~/~ than Ifnarl~/~
placentas, whereas the reverse was observed in P-TGCs, sug-
gesting that MAVS and IFNARI pathways might act indepen-
dently in these two cell types of the junctional layer to restrict
ZIKV infection. Moreover, ZIKV RNA was sporadically detected
in the fetoplacental endothelial cells in the labyrinth zone and
fetal head of Ifnarl~/~ but not Mavs~/~ fetuses, suggesting that
other viral sensors contribute to type I IFN signaling in cells of
these compartments. MAVS is downstream of viral RNA sensing
by cytosolic RLRs (such as RIG-I and MDAS5) and can activate
distinct antiviral pathways depending on the cell type (e.g., type
I and III IFNs), some of which overlap but do not completely
match IFNARI signaling (Lazear et al., 2019). FISH analysis of
Rsad2 mRNA, which can be stimulated through IFN-dependent
or independent pathways (Ashley et al., 2019; DeFilippis et al.,
2006; Rivera-Serrano et al., 2020; Stirnweiss et al.,, 2010),
showed upregulation in SpTs and P-TGCs of Ifnarl~/~ placentas
after ZIKV infection but not in Mavs~~ placentas. Thus, different
innate host defense response pathways may be utilized by dis-
tinct placental cell types. Indeed, our snRNAseq analysis
revealed cell-type-specific antiviral responses after ZIKV in-
fection. Cells in the junctional zone (SpT and GlyC) that were
highly permissive for ZIKV infection upregulated different sets
of ISGs. The actions of MAVS signaling were more restricted to
SpTs, as certain ISGs and VSGs (e.g., Rsad2, Isgl5, Oasl2, and
Uspl8) were induced in WT but not Mavs™/~ cells after ZIKV
infection. In contrast, the GlyCs expressed these and other ISGs
after ZIKV infection independently of MAVS signaling. Our
results suggest that MAVS-dependent sensing pathways direct
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antiviral signaling in SpT independently of IFNARI, whereas
antiviral responses in other cell types are regulated by MAVS
and IFNARI signaling or alternative pathogen recognition re-
ceptors and IFNARI signaling pathways.

In the SynT and S-TGCs of the labyrinth zone, we also de-
tected MAVS-independent and IFNARI-independent induction
of ISGs by snRNAseq and/or FISH. Fetal endothelial cells in the
labyrinth zone also expressed a range of ISGs basally, indepen-
dently of ZIKV infection or MAVS signaling. Although further
studies are warranted, constitutive antiviral gene expression in
the fetal endothelium, which underlies the SynT layer, might
account for restriction of ZIKV infection in the labyrinth zone.
We did not find evidence of global antiviral actions for TLR7,
TLR9, MyD88, or STING signaling in the fetal placenta, although
tropism and ISG expression analyses were not performed. Be-
cause the fetal viral burden in mice lacking STATI or IFNARI in
the placenta is similarly increased, type I IFN-STATI signaling
axis likely has a principal role in controlling ZIKV infection in
the fetal compartment. However, future studies will be needed
to assess roles for other antiviral pathways that use STATI, in-
cluding type II IFN-y signaling, which can compensate for the
loss of type I signaling and induce expression of ISGs (Lee and
Ashkar, 2018). In human placentas, the constitutive secretion of
type III IFN by SynTs has been proposed to prevent viral in-
fection in these and other human cells at the maternal-fetal
barrier (Ander et al., 2019). However, as recently shown
(Casazza et al., 2022), we did not find evidence that fetal IFN-A
signaling in mice restricts placental infection at the stage of
pregnancy that we examined. Overall, our results suggest that
MAVS and type I IFN signaling in SpT and P-TGCs can affect
viral spread within the junctional zone, whereas alternative
host defense pathways might act in other cell types to prevent
infection of labyrinth zone cells.

A prior study of congenital ZIKV infection in mice suggested
that type I IFN signaling in the fetal placenta could promote fetal
demise (Yockey et al., 2018). In that study, as we observed, ZIKV
replicated to higher levels in Ifnarl”/~ compared to Ifnarl*/-
placentas. Whereas Yockey et al. (2018) observed that Ifnarl*/-
fetuses were resorbed at a greater rate than Ifnarl™/~ fetuses
after ZIKV infection, we did not detect effects on fetal viability in
the context of fetal type I IFN or MAVS signaling deficiencies.
The following experimental differences that could explain this
discrepancy: (i) we inoculated mice with ZIKV at mid-
gestational age (E9.5) after placentation was established,
whereas Yockey et al. (2018) inoculated dams at E5.5 prior to
placentation; (ii) we used Ifnarl*/~ dams, in contrast to the
Ifnarl™/~ dams used by Yockey et al. (2018). A deficiency of IF-
NARI1 in the dam likely results in greater maternal ZIKV in-
fection, and high and sustained levels of type I IFN in maternal
circulation, which could trigger sustained IFNARI signaling in
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Figure 10.  ZIKV infection induces cell-specific expression of ISGs independent of IFNAR1 signaling. (A) FISH for Rsad2 RNA in mock- and ZIKV-infected
Ifnar1~~ placentas. (B) FISH for Rsad2 and Prla7a2 RNA (top panel) and FISH for Rsad2 combined with immunofluorescence for CK7 (bottom panel) in Ifnarl~/~
ZIKV-infected placentas; white arrowheads denote Rsad2 staining in P-TGC. (C) FISH for Rsad2 combined with immunofluorescence for vimentin in ZIKV-
infected Ifnar1~/~ placentas; white arrowheads, Rsad2-expressing endothelial cells. (D) FISH for Rsad2 and Ctsq RNA combined with immunofluorescence for
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CK7 in Ifnarl~/~ ZIKV-infected placentas; white and yellow arrowheads indicate co-localization of Rsad2 with syncytial cells and S-TGC, respectively. (E) FISH
for Ifit1 RNA in ZIKV-infected WT, Mavs~~, and Ifnar1~/~ placentas. (F) FISH for Ifit1 and Ctsq RNA combined with immunofluorescence for CK7 in Ifnarl~/~ ZIKV-
infected placentas; white and yellow arrowheads indicate co-localization of fit] with syncytial cells and S-TGC, respectively. (G) FISH for Ifitl and CD31 (Pecam-
1) RNA combined with immunofluorescence for vimentin in Ifnarl/~ ZIKV-infected placentas; magenta arrowheads, co-localization of Ifit with endothelial
cells. (A and E) Placenta images at 2.5x magnification (scale bars: 1 mm). (B) Images of placental junctional zone taken at 20x magnification (maximum
projection of three to four confocal z-stacks; scale bars: 50 um). (C, D, F, and G) Images of placental labyrinth zones at 20x magnification (maximum projection
of three to four confocal z-stacks; scale bars: 50 pm). (A-G) Data are representative of two placentas for each condition from two separate dams.

Ifnarl*/~ placentas, with adverse effects on fetal development;
and (iii) we inoculated pregnant mice with an African ZIKV
strain via an intravenous route, whereas Yockey et al. (2018)
inoculated dams with an Asian ZIKV strain via an intravaginal
route. More study is needed to address the effects on fetal
outcomes of different ZIKV strains and inoculation routes.

While the mouse placenta recapitulates many aspects of hu-
man placental physiology, there are differences in structure and
cellular composition between the two species (Ander et al.,
2019). The mouse SpT and P-TGCs, two of the cell types sus-
ceptible to ZIKV infection in our model, resemble the human
mononuclear cytotrophoblasts and extravillous trophoblasts,
which reportedly have varying degrees of susceptibility to ZIKV
infection, although the outcomes depend on the source of human
placental cells (i.e., blastocyst-derived, or first trimester/term
placenta isolates) (Karvas et al., 2022; Sheridan et al., 2017; Wu
et al., 2023). The multinucleated SynT of both species are rela-
tively resistant to ZIKV infection (Delorme-Axford et al., 2013;
Jagger et al., 2017). Cell-type-specific antiviral signatures have
been described in response to ZIKV in human trophoblast stem
cells, SynT, and extravillous trophoblasts (Wu et al., 2023), as
well as in decidual and trophoblast organoids in response to
human cytomegalovirus infection (Wu et al., 2023; Yang et al.,
2022). Our mouse model supports an intrinsic antiviral defense
program in the fetal compartment of the placenta, with cell-
specific innate immune responses influencing viral tropism at
the maternal-fetal interface.

Heterozygote, immunologically intact dams bearing Mavs~/~
or Ifnarl~/~ fetuses sustained higher ZIKV viremia and viral loads
in the spleen, uterus, and ovaries than those bearing immuno-
competent fetuses. This suggests that ZIKV infection in the
placenta can influence the course of infection in the pregnant
host, which in turn might affect pregnancy outcomes. Indeed,
intact IFNARI signaling in the fetus can protect Ifnarl/~ dams
from mouse hepatitis virus (MHV68)-induced mortality
(Racicot et al., 2017), supporting the idea that placental immune
responses modulate the course of infection in the mother. In
humans, while ZIKV viremia in non-pregnant females is de-
tectable for only 5-7 days (Waggoner et al., 2016), persistent
viremia is frequently observed during pregnancy (Brasil et al.,
2016; Driggers et al., 2016; Suy et al., 2016), occurring in up to
40% of cases (Pomar et al., 2021). Although it is possible that the
maternal hormonal and immune environment during preg-
nancy favors viral persistence, it has been proposed that the
placenta may act as a replicative niche for persistent ZIKV in-
fection (Bhatnagar et al., 2017; Villazana-Kretzer et al., 2022).
Thus, impaired placental immune responses, due to congenital
defects or viral escape mechanisms, could contribute to per-
sistent maternal viremia. Further research also is needed to
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address whether such mechanisms are specific to ZIKV or affect
pregnancy and fetal outcomes in the context of other patho-
gens. Moreover, due to the multiparous nature of mouse
pregnancies, litter effects might exist, and the relative pro-
portion of immunocompetent to immunodeficient placentas
present in the same dam could influence viral burden. This
limitation can be addressed in future studies using alternative
models, such as transfer of immunodeficient embryos to
immunocompetent dams.

In summary, our experiments suggest that MAVS and IF-
NARI signaling pathways in the fetal compartment can regulate
vertical viral transmission, with intrinsic actions in the placenta
and consequences on fetal and maternal infection and, possibly,
disease outcome. While further investigations are required to
address the alternative pathways that mediate responses to
ZIKV and other pathogens, our findings highlight the impor-
tance and complexity of placental innate immunity in protecting
the fetus from viral infection, as well as its influence on the
pathogenesis in the pregnant host.

Materials and methods

Cells and viruses

Vero (ATCC CCL-81) cells were used for propagation and titering
of ZIKV stocks by focus-forming assay and for ZIKV burden
assessment by plaque assay. Cells were propagated in Dulbecco’s
Modified Eagle Medium (DMEM; #11995-040; Gibco) supple-
mented with 5% heat-inactivated FBS (#FB-01; Omega Scien-
tific), 100 U/ml penicillin-streptomycin (#15140-122; Gibco),
and 10 mM HEPES (#15630-080; Gibco). Cells were maintained
at 37°C in the presence of 5% CO,.

Mouse-adapted ZIKV Dakar 41525 was generated previously
(Senegal, 1984; GenBank: KU955591.1) as described (Gorman
et al.,, 2018) and encodes an additional NS4B-GI8R point
mutation.

Mice

Housing and care of laboratory animals was conducted in ac-
cordance with guidelines from the National Institutes of Health
(NIH), Bethesda, MD, USA, Guide for the Care and Use of Lab-
oratory Animals. Animal husbandry and experiments were
performed in accordance with guidelines from the Institutional
Animal Care and Use Committee at Washington University in St.
Louis School of Medicine (Assurance number A3381-01). WT
C57BL/6 mice (000664) were purchased from Jackson Labora-
tories and housed at least 2 wk before the experiments. Statl~/-,
Myd88~/-, Tlr7-/-, Tlr9/-, and Sting~/~ (Sting GT) mice were
originally purchased from Jackson Laboratories (012606,
009088, 008380, 034329, and 017537, respectively). All the
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other mouse strains used were previously described (Mavs~/~
[Kumar et al., 2006], Ifnarl~/~ [Miiller et al., 1994], and I128ra~/~
[Ank et al., 2008]). All mice were backcrossed onto a C57BL/6
background using speed congenics and single-nucleotide poly-
morphism analysis. For genotyping of adult mice and fetuses,
~1 mm? of mouse tail was digested in 75 pl of alkaline lysis buffer
(25 mM NaOH and 0.2 mM EDTA, pH 12) for 15 min at 95°C and
neutralized with 75 pl of neutralization buffer (40 mM Tris-HCI,
pH 5). Samples were then clarified by centrifugation and used
for in-house PCR (Table S1) or sent to a commercial vendor
(Transnetyx) for further purification and qPCR analysis.

Breeding strategies

We crossed WT C57BL/6 female mice (000664; Jackson Labo-
ratories) with males homozygous for deletions in key innate
immune response genes to generate heterozygous females. The
heterozygous females were mated with respective heterozygous
or homozygous males to generate WT, heterozygous, and ho-
mozygous placentas. Of note, we combined data with a given
genotype from different crosses to gain statistical power, al-
though separate analyses of heterozygous x homozygous and
heterozygous x heterozygous crosses confirmed similar trends.
We also crossed WT or heterozygous females with WT males
(000664; Jackson Laboratories) as controls to assess for possible
effects of maternal haploinsufficiency.

In vivo infections

Timed pregnancies were set up, and E0.5 was determined after
detecting vaginal plugs. Dams were inoculated at E9.5 with 3.5 x
104, 3.5 x 10°, or 3.5 x 10® FFU of ZIKV (Dakar 41525 with NS4B-
GI8R [Gorman et al., 2018]) intravenously via retro-orbital route
under isoflurane anesthesia. Dams were sacrificed at E11.5 (2
dpi), E12.5 (3 dpi), E13.5 (4 dpi), E15.5 (6 dpi), or E17.5 (8 dpi).
Dams were evaluated for weight loss or lethargy throughout the
course of infection.

qRT-PCR analysis of viral burden

Viral burden was measured in the decidua, placenta, fetus, and
other maternal tissues (serum, spleen, uterus, and ovaries). The
decidua was dissected from the fetal placenta as described before
(Quetal., 2014). Fetoplacental units were placed on ice-cold PBS
in a Petri dish, the uterine tissue was carefully removed from
each unit, and the decidua was peeled from the fetal placenta
using fine tweezers. Fetal placenta was separated from the fetus
by cutting the umbilical cord proximal to the chorionic plate.
Decidual and placental tissues were placed immediately in pre-
chilled 2-ml tubes, and fetuses were arranged on a prechilled
tissue grid for photography and determination of fetal size be-
fore dissection of the fetal heads. Tissues were weighed and
homogenized with zirconia beads using a MagNA Lyser (Roche
LifeScience). Homogenates were clarified by centrifugation at
10,000 x g for 10 min, and RNA was extracted using the 5X
MagMax Viral Isolation kit (Applied Biosystems) on a Kingfisher
Flex extraction robot (Thermo Fisher Scientific). ZIKV RNA was
reverse transcribed and amplified using the TagMan RNA-to-CT
1-Step kit (Thermo Fisher Scientific). Reverse transcription was
carried out on a QuantStudio 6 Flex System (Applied Biosystem)
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at 48°C for 15 min followed by 2 min at 95°C. Amplification was
accomplished over 40 cycles as follows: 95°C for 15 s and 60°C
for 1 min. RNA quantity was expressed as viral RNA equivalents
per gram (tissue) or milliliter (serum) after interpolation onto a
standard curve of 10-fold dilutions of ZIKV (Dakar 41525) RNA.
The primer sets have been previously published (Gorman et al.,
2018; Lazear et al., 2013).

Focus-forming assay

Virus titration was performed as previously described (Brien
et al., 2013) with modifications. Vero cells were seeded in flat-
bottom 96-well plates (TPP #92696) at 2 x 10* cells/well in a
volume of 100 pl/well. The next day, virus stocks were serially
diluted in infection media (DMEM with 2% heat-inactivated FBS,
100 U/ml penicillin-streptomycin, and 10 mM HEPES pH 7.3).
100 pl of the diluted samples were added to Vero cell monolayers
and incubated for 1h at 37°C in 5% CO,. Subsequently, cells were
overlaid with 100 pl 0of 1% methylcellulose in Minimum Essential
Medium (Sigma-Aldrich #MO0275 supplemented with 100 U/ml
penicillin-streptomycin, 10 mM HEPES, pH 7.3, and 1 x Gluta-
MAX (Gibco #35050-061). Plates were fixed 40 h after virus
inoculation with 100 pl of 1% paraformaldehyde (PFA; EMS
#15713-S) in PBS for 1 h at room temperature. After three washes
with PBS, samples were incubated on a plate rocker with 0.5 pg/
ml of mouse anti-WNV E60 (flavivirus cross-reactive, Zhao
et al., 2016) diluted in permeabilization buffer (PBS, 0.1% sa-
ponin [Sigma-Aldrich #S7900], and 0.1% bovine serum albumin
[BSA; Sigma-Aldrich #A2153]) for 2 h at room temperature.
Primary mAb was removed after three washes with PBS-T
0.05% (PBS with 0.05% Tween-20, Sigma-Aldrich #P1379), and
samples were incubated with secondary peroxidase-conjugated
goat anti-mouse IgG (Sigma-Aldrich #A5278) diluted 1:500 in
permeabilization buffer for 1 h at room temperature on a rocker.
After three washes with PBS-T 0.05%, virus-infected foci were
developed using KPL TrueBlue peroxidase substrate (SeraCare
#5510-0050), washed twice with Milli-Q water, and counted
using a CTL-S6 Universal Analyzer (ImmunoSpot). Viral titers
were expressed as FFU per milliliter.

Plaque assays

Vero cells were plated in 12-well culture dishes at 1.4 x 10° cells/
well and incubated overnight at 37°C in DMEM supplemented
with 10% FBS. Media was changed the next day to 2% FBS with
penicillin/streptomycin (Gibco), and 75 pl of serially diluted
(tenfold) clarified tissue homogenate or serum was added to the
wells. After 1 h, cells were overlaid with methylcellulose and
incubated for 4 days. Cells were fixed with 10% formaldehyde
overnight and stained with crystal violet. Plaques were manu-
ally counted, and viral titers were expressed as PFU per gram of
tissue or milliliter (serum).

Histology

Individual placentas (including the decidua) were collected at
E17.5 from dams that were mock or ZIKV infected at E9.5, and
samples were rinsed in PBS and fixed overnight in 4% PFA at
room temperature. Samples were rehydrated in 70% ethanol and
refrigerated until processing for paraffin embedding. Tissue was
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sagitally sliced with a microtome into serial 4-um sections and
mounted by the Washington University Musculoskeletal His-
tology and Morphometry Core. Sections were stained with
hematoxylin (#H-3401; Vector) and eosin (#HT110132; Sigma-
Aldrich) following standard procedures. Full placenta sections
were scanned with a Hamamatsu NanoZoomer (HT) at 20x
resolution. Measurements of placental areas were performed
using QuPath software (Bankhead et al., 2017) using a semiau-
tomatic approach in which placental regions, including the fetal
compartment (labyrinth and junctional zones) and the proximal
decidua, were manually drawn and annotated, and automati-
cally measured by the software. Histopathological assessments
were analyzed by a blinded investigator.

Immunofluorescence microscopy

Paraffin-embedded sections were deparaffined, washed three
times with PBS, and antigen-retrieval was performed in boiling
Target Retrieval Solution (#S1699; Dako) for 15 min. Samples
were then washed three times with PBS-T (PBS with 0.1%
Tween-20, Sigma-Aldrich #P1379) and blocked for 30 min at
room temperature staining buffer (1% BSA, 2% goat serum, and
0.1% Triton in PBS) supplemented with anti-CD16/32 to block
Fcy receptor binding at 1/100 dilution (#101302; Biolegend).
Primary antibodies (Table S2) were incubated overnight at 4°C
in staining buffer at 1/200 dilution, washed three times with
PBS-T, and incubated with secondary antibodies (Table S2) at
1/1,000 dilution in staining buffer for 1 h at room temperature.
After four washes with PBS-T, samples were stained with
Hoechst 33258 (H3569; Invitrogen) and mounted with ProLong
Gold Antifade Mountant (P36930; Thermo Fisher Scientific).
Placental sections were scanned with a Hamamatsu Nano-
Zoomer (HT) at 20x resolution.

Viral RNA ISH

RNA ISH was performed using RNAscope 2.5 HD-Brown
(#322310; Advanced Cell Diagnostics) according to the manu-
facturer’s instructions. Briefly, formalin-fixed, paraffin-
embedded tissue sections were baked for 60 min at 60°C, and
endogenous peroxidases were quenched with H,0, for 10 min at
room temperature. Slides were then boiled for 15 min in RNA-
scope Target Retrieval Reagents and incubated for 30 min in
RNAscope Protease Plus reagent prior to hybridization with
ZIKV RNA probe (Table S2), signal amplification, and detection
with 3,3’-Diaminobenzidine (DAB). Sections were counter-
stained with Gill's hematoxylin and visualized by brightfield
microscopy. Full-placenta sections were scanned with a Hama-
matsu NanoZoomer (HT) at 20x resolution, and quantification
of ZIKV-positive areas was performed using QuPath software (v.
0.3.0). QuPath’s pixel classifier was trained to semiquantita-
tively detect the number of ZIKV-positive (DAB*) and -negative
(DAB") pixels from specified placental regions of interest (e.g.,
whole placenta and decidual, junctional, and labyrinth zones).
The classifier operated using an artificial neural network (arti-
ficial neural networks—multilayer perceptrons) on four chan-
nels (red, green, blue, and DAB). These channels had Gaussian,
Laplacian of Gaussian, and Hessian determinant transformations
applied to minimize the effects of image variation on pixel
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detection. To normalize ZIKV-positive and -negative pixel
measurements across the regions of interest of different pla-
cental sections, the total number of pixels in a given area was
measured to obtain the percentage of ZIKV-positive pixels.

Multiplexed FISH

Detection of multiple mRNA transcripts (Table S2) was per-
formed using RNAscope Multiplex Fluorescent Reagent Kit v2
(#323100; Advanced Cell Diagnostics) following the manu-
facturer’s instructions. Briefly, samples were processed as de-
scribed in the “Viral RNA ISH” section above, and hybridization
was performed using probes labeled with different fluorescence
spectra. The signal was recorded sequentially using fluo-
rophores assigned to each channel (Table S2), slides were
counterstained with DAPI, and coverslips were mounted using
ProLong Gold Antifade Mountant (P36930; Thermo Fisher Sci-
entific). Full-placenta sections were scanned with a Hamamatsu
NanoZoomer (HT) at 20x resolution. Some high-power images
were captured using an LSM 880 confocal laser scanning mi-
croscope (Zeiss) at the Washington University Molecular Mi-
crobiology Imaging Facility at 20x (NA 0.8) objective. Z-steps
were acquired through the entire tissue thickness (3-4 z-layers).

Multiplexed FISH combined with immunofluorescence
Codetection of RNA transcripts and proteins was performed
using the Advanced Cell Diagnostics (ACD) Integrated RNAscope
Multiplex Fluorescent v2 Assay combined with RNA-Protein
Co-detection Ancillary Kit (#323180ACD) following the manu-
facturer’s instructions. Briefly, samples were processed as
described in the section “Viral RNA ISH” above, washed with
PBS-T after antigen retrieval, and incubated with primary an-
tibodies (Table S2) overnight at 4°C. Samples were then fixed
again in 4% PFA/PBS before protease treatment, hybridization,
and signal amplification, followed by incubation with fluorophore-
conjugated secondary antibodies (Table S2) (30 min at room
temperature). Slides were counterstained with DAPI and cov-
erslips were mounted using ProLong Gold Antifade Mountant.
Full-placenta sections were scanned with a Hamamatsu Nano-
Zoomer (HT) at 20x resolution. Some high-power images were
captured using an LSM 880 confocal laser scanning microscope
(Zeiss) at the Washington University Molecular Microbiology
Imaging Facility at 20x (NA 0.8) objective. Z-steps were acquired
through the entire tissue thickness (3-4 z-layers).

Cytokine determination

Clarified homogenates from fetal placentas were incubated with
Triton-X-100 (1% final concentration) for 1 h at room tempera-
ture to inactivate ZIKV. Homogenates were analyzed for cyto-
kines and chemokines by Eve Technologies Corporation using
their Mouse Cytokine Array/Chemokine Array 31-Plex (MD31)
platform.

snRNAseq

WT dams mated with WT sires or Mavs*/~ dams mated with
Mavs™/~ sires were mock or ZIKV infected (3.5 x 10° FFU), and
placenta with their corresponding decidua were collected and
snap-frozen in liquid nitrogen at 3 or 6 dpi. After genotyping, we

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20240694

20 of 25


https://doi.org/10.1084/jem.20240694

selected placentas from male fetuses to facilitate the identifica-
tion of maternal and fetal clusters and doublets. Two placentas
from the same genotype and condition were pooled and pro-
cessed for isolation of nuclei. Nuclear extraction was adapted
from a previously described protocol for jejunal segments
(Chang et al., 2024). Briefly, tissues were thawed and minced in
lysis buffer (25 mM citric acid, 250 mM sucrose, 0.1% NP-40,
and 1X protease inhibitor [Roche]). Nuclei were released from
cells using a Dounce homogenizer (Wheaton) then washed three
times with buffer (25 mM citric acid, 0.25 M sucrose, 1X pro-
tease inhibitor [Roche]), and then filtered successively through
100-, 70-, and 40-pm diameter strainers (pluriSelect) to obtain
single nuclei in resuspension buffer (25 mM KCl, 3 mM MgCl,,
50 mM Tris, 1 mM DTT, 0.4 U/pl RNase inhibitor [Sigma-
Aldrich] and 0.4 U/pl Superase inhibitor [Thermo Fisher
Scientific]). Approximately 10,000 nuclei per sample were
subjected to gel bead-in-emulsion (GEM) generation, reverse
transcription, and construction of libraries for sequencing ac-
cording to the protocol provided in the 3’ gene expression v3.1
kit manual (10X Genomics). Briefly, cDNA was prepared after
GEM generation and barcoding, followed by the GEM-RT reac-
tion and bead cleanup steps. Purified cDNA was amplified for
11-13 cycles before clean-up using solid phase reversible immo-
bilization beads (SPRI select beads, B23318; Beckman Coulter).
Samples were then run on a Bioanalyzer todetermine cDNA
concentrations. Gene expression libraries (GEX libraries) were
prepared as recommended by the 10X Genomics Chromium
Single Cell 3’ Reagent Kits User Guide (v3.1 Chemistry Dual In-
dex) with appropriate modifications to the PCR cycles based on
the calculated cDNA concentration. For sample preparation on
the 10x Genomics platform, the Chromium Next GEM Single Cell
3’ Kit v3.1 (PN-1000268), Chromium Next GEM Chip G Single
Cell Kit, (PN-1000120), and Dual Index Kit TT Set A, (PN-
1000215) were used. The concentration of each library was
determined through qPCR utilizing the KAPA library Quanti-
fication Kit according to the manufacturer’s protocol (KAPA
Biosystems/Roche) to produce cluster counts appropriate for
the Illumina NovaSeq6000 instrument. Normalized libraries
were sequenced on a NovaSeq6000 S4 Flow Cell using the XP
workflow and a 50 x 10 x 16 x 150 sequencing recipe according to
manufacturer protocol. A median sequencing depth of 50,000
reads/cell was targeted for each GEX library.

Preprocessing and quality control

The raw fastq files were processed with Cellranger-7.0.1 using
the 10X mouse reference transcriptome, refdata-gex-mmlO-
2020-A, and the output matrix was input into Cellbender
(Version 0.2.2) to remove ambient/background RNA. The cutoff
we used for the number of expected cells was 10,000, and the
number of total droplets was 15,000. The Cellbender filtered
output count table was imported into R (version 4.1.0) and
processed with the R package Seurat (version 4.3.0) (Stuart
et al,, 2019). As quality control, cells containing >10,000 mole-
cules and <500 genes or >5% mitochondria detected were re-
moved. The genes that were only detected in less than three cells
were removed. The remaining data were further processed
using Seurat. The integration was performed using the
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IntegrateData function from Seurat (Haghverdi et al., 2018;
Stuart et al., 2019). The resulting corrected counts were used
for all the downstream analyses.

Gene clustering and annotations

We performed principal component analysis (PCA) using
3,000 highly variable genes. The top 100 principal compo-
nents were used to construct a shared nearest neighbor graph
and modularity-based clustering using the Louvain algorithm
was performed. The T-distributed stochastic neighbor em-
bedding (TSNE) visualization was calculated based on the top
100 PCA, with perplexity of 30 as the number of targeted
neighbors. Marker genes for every cell type were identified by
comparing the expression of each gene in each cell against the
rest of the cells using Wilcox test. The genes with the highest
log, fold change scores along with the canonical markers were
used to annotate each of the clusters. We detected 36 clusters,
which were grouped and annotated based on the expression of
known cell markers, and maternal and fetal cell identities
were confirmed based on the respective expression of Xist or
Ddx3y, respectively (Fig. S4, A-D; and Fig. 7 A). In clusters
within the maternal compartment, we identified myeloid
immune cells (Mat-Imm, cluster 13) based on the expression
of Ptprc, Cd74, and Lyz2 (Han et al., 2018), decidual natural
killers (cluster 23) expressing Ptprc, Gzmc, and Eomes (Han
et al., 2018; Nelson et al., 2016), Dec-Str (clusters 0, 11, and
33) expressing Pgr and Pbxl (Marsh and Blelloch, 2020; Zhou
et al., 2021), Mat-Endot (clusters 16 and 30) expressing Pe-
caml, Cd34, and Cd36 (Han et al., 2018; He et al., 2021), epi-
thelial cells (clusters 31 and 19) expressing Esr, Prapl, and
Guca2b (He et al., 2021; Zhou et al., 2021), and lymphoid cells
(cluster 25) identified by the markers Proxl and Lyvel (He
et al., 2021). In the fetal compartment, trophoblast cells
were identified based on Krt7 and/or Tpbpa expression (Marsh
and Blelloch, 2020) and included SpT (clusters 5 and 8; Pri3b1*,
Pri8a6*, and Pcdhi2-) (Marsh and Blelloch, 2020; Zhou et al.,
2021), GlyC (clusters 2 and 12; Pri3bl-, Pcdhi2*, and Prune2*)
(Marsh and Blelloch, 2020; Simmons and Cross, 2005), S-TGC
(clusters 4, 6, and 15; Pri3bI* and Ctsq*) (Marsh and Blelloch,
2020; Simmons et al., 2007), and the two layers of SynT,
namely SynTI (cluster 10; Tfrc* and GlisI*) and SynTII (cluster
22; Vegfa* and Gegr*) (Marsh and Blelloch, 2020). Cluster 9
was assigned to JZP based on the expression of Gjb3, and
cluster 27 was identified as labyrinth trophoblast progenitors
due to expression of Epcam, Prapl, and Guca2b. We did not
detect other subtypes of TGCs, including P-TGCs, spiral artery
TGCs, or canal TGCs, in part due to overlapping cell markers
(Simmons et al., 2007), low abundance, and/or oversize nuclei
that can be filtered out during sample preparation (Marsh and
Blelloch, 2020; Nelson et al., 2016). Cluster 1 may represent a
population of unique TGCs, as it showed enriched expression
of Tpbpa, Pri2bl, and Pri3bl, along with Prl8a2 and Cryab
(Nelson et al., 2016). Cluster 34 was rendered as undeter-
mined trophoblast cells (Troph-Undet), as it expressed Tpbpa
and markers of both GlyCs and SpT. Clusters 20, 17, and 21
were identified as fetal mesenchyme based on expression of
Colla2, Postn, and Acta2 (Marsh and Blelloch, 2020; Zhou et al.,
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2021), and clusters 3, 24, and 32 corresponded to Fetal-Endot
based on expression of Pecaml, Cd34, and Cd36 (Han et al.,
2018; Marsh and Blelloch, 2020; Zhou et al., 2021). We iden-
tified clusters 14 and 28 as primitive endoderm based on the
expression of Gkn2 and Gata4 (Han et al., 2018), clusters 7 and
18 as Yolk sac (Afp* and Apoal*) (Han et al., 2018; Zhou et al.,
2021), and cluster 34 as fetal erythroid, based on the markers
Hbb-y and Hbb-x (Marsh and Blelloch, 2020; Zhou et al., 2021).
Finally, two clusters that expressed both Xist and Ddx3y
(cluster 29, Mix-Undet, and cluster 35 expressing Ptprc, Mix-
Imm) were excluded from the downstream analysis; these
may represent doublets or maternal and fetal populations
sharing similar cell markers.

Differential gene expression analysis

To identify the changes in expression across conditions, we
performed differential expression test using Wilcoxon test from
Seurat. The false discovery rate (FDR) was calculated by the
Bonferroni correction method, and significant genes were set as
those with FDR of <0.05 and log, fold change scores >1. To
identify antiviral responses in clusters of interest, we selected 32
ISGs and VSGs that were highly upregulated after ZIKV infection
in at least one cell cluster, as shown in volcano plots (Fig. 7, C and
D; and GEO accession GSE269612).

Pathway analysis

DESeq (Version 1.40.2) was used to select the differential ex-
pressed genes between two groups with the cutoff of P adjusted
value <0.05 and log, fold change >1. These genes were then used
to align to the Hallmark mouse pathway database Msigdbr
(Version 7.5.1) with package fgsea (Version 1.26.0) and pathways
with P adjusted value <0.05 were chosen as the significantly
enriched pathways.

Multiplex analysis of gene expression by qPCR

WT and Mavs™~ samples obtained at 6 dpi were subjected to
analysis of expression of selected ISGs (CxcllO, Irf7, Ifitl, Rsad2,
Oasl2, Isgl5, Irf3, and Ifnarl). Decidual and placental RNA was
isolated from tissue homogenates as described in the “qRT-
PCR analysis of viral burden” section. Multiplexing was per-
formed using the TaqPath 1-Step Multiplex Master Mix (No
ROX) (A28522; Thermo Fisher Scientific) with 2 ul of RNA in a
10 ul reaction. ROX dye (12223012; ThermoFisher Scientific)
was added in a 1/50 ratio as a passive reference dye. Primers
and probe sets were purchased from Integrated DNA Tech-
nologies in a Probe:Primerl:Primer2 ratio of 2.5:5.0:5.0
nmoles and combined as indicated (Table S3). Analysis was
performed by the 2-AACt method using Gapdh as a housekeeping
gene. Baseline expression of each target gene was set as the
average ACt of mock samples for each genotype (Avg [Ct tar-
get-Ct Gapdh] mock)-

Statistical analysis

Statistical significance was assigned to P values <0.05 using
Prism version 10 (GraphPad). Tests, number of animals, mean
and median values, and statistical comparison groups are indi-
cated in the figures and figure legends.
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Online supplemental material

Fig. S1 contains supporting data showing placental damage and
inflammation after intravenous delivery of ZIKV in WT animals.
Fig. S2 shows no effects of fetal-specific deletions of Tlr7, Tlr9,
Myd88, Sting, or Ifnlr on placental and fetal viral burden. Fig. S3
provides supporting data showing MAVS and IFNAR1 signaling
pathways regulate ZIKV cell tropism. Fig. S4 contains support-
ing data for the snRNAseq analysis. Fig. S5 provides supporting
data illustrating cell-type-specific induction of ISGs after ZIKV
infection. Tables S1, S2, and S3 provide genotyping and TagMan
primers, and reagents used for immunohistochemistry and ISH.

Data availability

All data supporting the findings of this study are available
within the paper and from the corresponding author upon re-
quest. This paper does not include original code. The snRNAseq
data has been deposited in NCBI's Gene Expression Omnibus
(Barrett et al., 2013; Edgar et al., 2002) and are accessible
through GEO Series accession number GSE269612. Any addi-
tional information required to reanalyze the data reported in
this paper is available from the corresponding author upon
request.
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Figure S1.  ZIKV infection induces placental damage and inflammation, related to Figs. 1 and 2. (A) Representative images of manually defined placental
areas (scale bars: 500 um) and quantification of placental, decidual, junctional zone, and labyrinth zone areas, excluding the maternal triangle and the chorionic
plate. Each data point represents the average of at least two tissue sections from the same placenta; n = 4 (mock and 3.5 x 10* FFU), n = 6 (3.5 x 10° FFU), and
n =3 (3.5 x 106 FFU) placentas from two dams per group. (B) Representative images of deciduitis (black arrows, top panel) and necrosis (black arrows, bottom
panel) in mock- and ZIKV-infected (3.5 x 10° and 3.5 x 106 FFU) placentas, at 8 dpi. Placenta images at 2.5x magnification (scale bars: 1 mm); insets at 10x
magnification (scale bars: 250 um). Insets denoting leukocyte infiltration and necrosis in placentas infected with 3.5 x 10° FFU ZIKV show different areas from
the same sample. Data from two experiments, n = 4 (mock), n = 6 (3.5 x 10° FFU), and n = 3 (3.5 x 10° FFU) placentas from two dams per group.
(C) Representative images of immunostaining for the pan-trophoblast marker CK7 in mock- and ZIKV-infected WT placentas at 8 dpi counterstained with DAPI.
Placenta images taken at 2.5x magnification (scale bars: 1 mm), and insets to show the junctional zone (red rectangles) and labyrinth zone (green rectangles) at
20x (scale bars: 100 pm). (D) Representative images of immunostaining for vimentin (endothelial and mesenchymal cells) in mock- and ZIKV-infected WT
placentas at 8 dpi and counterstained with DAPI. Placenta images at 2.5x magnification (scale bars: 1 mm), and selected areas showing the labyrinth zone
(green rectangles) at 20x magnification (scale bars: 100 pm). (C and D) n = 3-5 placentas from two dams per group (two experiments). (E) Cytokine levels in
the fetal compartment of WT placentas at 2 dpi (E11.5), 4 dpi (E13.5), and 8 dpi (E17.5) after inoculation with 3.5 x 106 FFU of ZIKV. For each cytokine, the log,
fold change was calculated compared with mock-infected animals. Samples were pooled from two experiments with n = 8 placentas from two dams per group.
Statistical analysis: (A) One-way ANOVA with Dunnett’s post-test (comparison to mock; (*P < 0.05, **P < 0.01, ns, not significant); (E) two-way ANOVA with
Sidak’s multiple comparison test (comparison to mock for each time point; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, not significant).
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Figure S2. Effects of placental innate immune pathways on ZIKV infection and vertical transmission, related to Fig. 3. (A-E) Mice were mated as
indicated and inoculated via intravenous injection at E9.5 with 3.5 x 105 FFU of ZIKV. ZIKV RNA levels were measured at 8 dpi. (A) Tlr7+/~ x Tlr7-/("), (B) Tlr9*/~ x
Tlr9~/-, (C) Myd88*/~ x Myd88~/-, (D) Sting*/~ x Sting™~, and (E) Ifnlr1*/~ x Ifnlr1-/~ crosses. Data are pooled from two experiments (n = 4 dams (WT x WT) and
n = 2 dams per group). Dotted horizontal lines represent the LOD. Statistical analysis: Kruskal-Wallis test with Dunn'’s post-test (comparison to samples from
WT x WT matings; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, not significant).
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Figure S3.  ZIKV infection at the maternal-fetal interface in placentas with gene defects in innate immune signaling, related to Fig. 5. (A) FISH for
Pcdh12 and ZIKV (left panel) or for CD31 (Pecam-1) and ZIKV combined with immunofluorescence for vimentin (right panel). Maximum projection of three to four
confocal Z-stacks taken at 20x magnification of the decidua, and insets zoomed 200% (scale bars: 50 um); white arrowheads, GlyC; yellow arrowheads, Dec-
Str cells. Data are representative of two placentas for each condition from two dams. (B-D) ISH of ZIKV RNA in ZIKV-infected WT, Mavs~~, or Ifnar1™~ fetuses
showing undetectable ZIKV RNA in most of the analyzed samples (B), and an infrequent case of staining of the labyrinth zone (LZ) and fetus (C). Placenta and
fetal head images at 2.5x magnification (scale bars: 1 and 2.5 mm, respectively); insets at 20x magnification (scale bars: 100 um). Corresponding negative
controls (negative probe and ZIKV probes in mock samples) are shown (D). D, decidua; }Z, junctional zone. (E and F) Combined FISH and immunofluorescence
staining of the samples shown in C with FISH for CD31 (Pecam-1) and ZIKV RNA combined with vimentin immunostaining (E), and for Ctsq and ZIKV RNA
combined with CK7 immunostaining (F). Placenta images at 2.5x magnification (scale bars: 1 mm); insets are the maximum projection of three to four confocal
Z-stacks taken at 20x magnification (scale bars: 50 um); numbers indicate the corresponding inset. (B-F) Images are representative of n = 2 experiments (two
dams per group; n = 4 WT, 5 Mavs™~, and 6 Ifnar1~/~ fetuses, from which one Mavs™/~ and two Ifnarl-/~ fetuses were nonviable at the time of collection.
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Figure S4. snRNAseq of WT and Mavs~/- placentas, related to Figs. 7, 8, 9, and 10. (A) Viral loads at E9.5 in placenta and decidua at 3 or 6 dpi. Data are
from two experiments, including littermates of those used for snRNAseq, and samples are pooled from two dams per group. (B and C) TSNE plots of the 98,661
nuclei captured by micro-droplet assay (10X Genomics), showing the differential expression of Xist and Ddx3y in maternal and fetal clusters, respectively (B),
and plot grouped based on shared prototypical cell markers (C). (D) Bubble plot showing the average expression (color scale) and percentage of nuclei (node
size) in each cluster expressing canonical markers used for identification of cell types. (E) Bar plot of the relative proportion of each cell type in mock- and ZIKV-
infected WT or Mavs™~ placentas, collected at E12.5 and E15.5 (3 and 6 dpi, respectively) in the maternal (top panel) and fetal (bottom panel) compartments.
(F) Bubble plots showing ZIKV-induced modulation of Hallmark pathways (gene set enrichment analysis) in WT and Mavs™~ placentas at 6 dpi. LaTP, labyrinth
precursors. Statistical analysis (A): Two-way ANOVA and Dunnett’s post-test (comparison to samples from WT x WT matings at each time point; *P < 0.05,
¥¥¥¥P < 0.0001, ns, not significant).
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Figure S5.  ZIKV infection modulates expression of ISGs in a cell-specific manner, related to Figs. 7, 8, 9, and 10. (A) Feature plots of Rsad2, Isg15, Ifit1, and
Oasl2 RNA expression in mock- and ZIKV-infected WT or Mavs~~ placentas at 6 dpi (E15.5). Selected clusters are highlighted with colored outlines. (B and C)
Multiplex analysis by qPCR of selected ISGs at 6 dpi in deciduas (B) and fetal placentas (C) from WT and Mavs~~ fetuses compared with their corresponding
mock controls. Data are from two independent experiments, two to three dams per group and condition. Statistical analysis (B and C): Multiple Mann-Whitney
test with Holm-Sidak correction ("Pudj < 0.001).
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Provided online are three tables. Table S1 lists primers for in-house PCR genotyping. Table S2 shows reagents for
immunofluorescence and ISH. Table S3 lists primer/probe combinations for multiplex qPCR.
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