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Zika virus (ZIKV) infection during pregnancy causes serious adverse outcomes to
the developing fetus, including fetal loss and birth defects known as congenital Zika
syndrome (CZS). The mechanism by which ZIKV infection causes these adverse
outcomes, and specifically the interplay between the maternal immune response and
ZIKV replication has yet to be fully elucidated. Using an immunocompetent mouse
model of transplacental ZIKV transmission and adverse pregnancy outcomes, we have
previously shown that Asian lineage ZIKV disrupts placental morphology and induces
elevated secretion of IL-18. In the current manuscript, we characterized placental
damage and inflammation during in utero African lineage ZIKV infection. Within 48 h after
ZIKV infection at embryonic day 10, viral RNA was detected in placentas and fetuses
from ZIKA infected dams, which corresponded with placental damage and reduced fetal
viability as compared with mock infected dams. Dams infected with ZIKV had reduced
proportions of trophoblasts and endothelial cells and disrupted placental morphology
compared to mock infected dams. While placental IL-18 was increased in the placenta,
but not the spleen, within 3 h post infection, this was not caused by activation of the
NLRP3 inflammasome. Using bulk mRNAseq from placentas of ZIKV and mock infected
dams, ZIKV infection caused profound downregulation of the transcriptional activity of
genes that may underly tissue morphology, neurological development, metabolism, cell
signaling and inflammation, illustrating that in utero ZIKV infections causes disruption of
pathways associated with CZS in our model.
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INTRODUCTION

Pregnant women and their developing fetuses are at high
risk for severe outcomes from a variety of viral, bacterial,
and parasitic infections including the “TORCH” pathogens
(Toxoplasma gondii, other, rubella virus, cytomegalovirus, herpes
simplex virus), which are grouped because of their propensity
to induce congenital disease (1, 2). Viral infections, specifically,
often cause adverse consequences during pregnancy for the
mother, fetus, or both. Pregnant people are at higher risk
than nonpregnant people for severe disease from many viruses,
including Influenza A viruses and Hepatitis E virus, which may be
due to immunological changes associated with pregnancy (1, 3-
5). Viruses also can infect the placenta, fetus, or both to cause
adverse consequences, such as loss of pregnancy, preterm birth,
birth defects, and growth and neurodevelopmental delays in the
fetus and newborn (2, 4).

Zika virus (ZIKV) is a single-stranded positive sense RNA
virus in the family Flaviviridae that received international
and scientific attention in 2015-2016, when the virus spread
throughout the Americas causing microcephaly and other
congenital malformations, such as problems with hearing, vision,
and mobility, in the babies of infected pregnant people (6, 7).
The causal connection between ZIKV infection during pregnancy
and subsequent birth defects, which are collectively referred to
as Congenital Zika Syndrome (CZS), was confirmed with the
detection of ZIKV RNA in amniotic fluid of pregnant women
carrying children with microcephaly and the isolation of ZIKV
from the brain of an infant who died after birth (6, 8). Notably,
multiple systematic reviews and meta-analyses performed after
the end of the epidemic confirmed the association between ZIKV
infection during pregnancy and CZS (9-12).

Despite the causal link between prenatal ZIKV infection
and adverse pregnancy and neonatal outcomes, the mechanism
by which ZIKV infection contributes to CZS remains unclear.
To date, most studies suggest that viral replication in the
fetal brain as well as immunopathology induced by maternal
inflammation cause adverse outcomes (13, 14). Animal models
of ZIKV infection during pregnancy [reviewed in (14)] provide
insight into mechanisms of ZIKV pathogenesis. Mouse models
are commonly utilized for studies of viral pathogenesis (15), and
their short gestation period and large litter sizes provide a benefit
for studies during pregnancy (16).

Since the 2016 ZIKV epidemic, we have investigated
the pathogenesis of ZIKV infection during pregnancy
after intrauterine infection in immunocompetent mice.
Collectively, we have shown ZIKV infection during pregnancy
causes placental pathology, reduced fetal viability, congenital
malformations, and reduced cortical thickness that is induced by
maternal inflammation rather than direct virus infection (17, 18).
We have identified placental secretion of IL-1p as a cause of
inflammation and placental dysfunction (18). Elevated IL-1B
signaling during pregnancy damages the placenta by disrupting
placental architecture, including distortion of the labyrinth layer
and reduction in trophoblast invasion, which may contribute
to adverse neonatal health consequences (18, 19). Canonically,
IL-1B activation and secretion is dependent on activation of the

NLRP3 [nucleotide-binding domain leucine-rich repeat (NLR)
and pyrin domain containing receptor 3] inflammasome (20),
which is active in placental cells of humans and mice (21-23).

As the organ of the maternal-fetal interface, the placenta is
necessary for appropriate fetal development, protection against
insults (e.g., viruses), provision of nutrients, oxygen, and waste
exchange, and enabling maternal-fetal endocrine cross-talk
(2, 16, 24, 25). Microbes associated with congenital disease,
including ZIKYV, likely have mechanisms to overcome placental
defenses, resulting in damage to the placenta and disrupted fetal
development [reviewed in (2)]. In the current study, we sought
to investigate the mechanisms of placental damage during ZIKV
infection, by characterizing the cells and pathways that underly
ZIKV-induced placental damage and adverse fetal outcomes.

MATERIALS AND METHODS

Viruses and Cells

Zika virus (ZIKV) strain IB H 30656 (Nigeria, 1968) was
purchased from the American Type Culture Collection (ATCC, #
VR-1839). The Paraiba (Brazil, 2015) strain was kindly provided
by Stephen Whitehead of the National Institute of Allergy and
Infectious Diseases. All procedures for handling ZIKV were
approved by the Institutional Biosafety Committee. Stocks of
ZIKV strains were generated by infecting Vero E6 cells at an
MOI of 0.001 50% tissue culture infectious doses (TCID50) per
cell in DMEM (Sigma #D5796) supplemented with 2.5% Fetal
Bovine Serum (FBS, Gibco #26140079), 1 mM sodium pyruvate
(Sigma #58636), 100 U/ml penicillin and 100 pg/ml streptomycin
(Gibco #15149-122), and 2 mM l-glutamine (Gibco #25030-081).
Approximately 96 h after infection, the supernatant fluids were
collected, clarified by centrifugation (900g for 10min), and
stored in aliquots at —80°C. ASC expressing RAW 264.7 (RAW-
ASC) cells (InvivoGen #raw-asc) were grown in DMEM (Sigma
#D5796) supplemented with 10% heat-inactivated FBS (Gibco
#26140079), 100 U/ml penicillin and 100 pg/ml streptomycin
(Gibco #26140079), 100 wg/ml Normocin™ (InvivoGen #ant-
nr-1), and 10 pg/ml blasticidin (InvivoGen #ant-bl-05). RAW-
ASC cells were plated on six well plates, primed with Pam3CSK4
(InvivoGen #tlrl-pms) at a concentration of 100ng/ml for
3h and then stimulated with 10 uM of Nigericin (InvivoGen
#tlrl-nig) for 6h as a positive control for inflammasome
component westerns.

Experimental Mice

Timed-pregnant adult (2-3 months of age) CD-1 IGS mice were
purchased from Charles River Laboratories (strain code 022).
Animals arrived at embryonic day 9 (E9) and were housed in
pairs in a specific-pathogen-free animal BSL2 facility at Johns
Hopkins University with ad libitum access to food and water.
Mice were acclimated for 24 h prior to experiments (26) and
procedures for animal experiments were performed consistently
at the same time of day.

ZIKV Infections

At E10, mice were anesthetized continuously with isoflurane
mixed with oxygen and underwent mini-laparotomy in the
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lower abdomen for ZIKV injections. Animals received either
10® TCID50 units of ZIKV in 100 wl or 100 pwl DMEM alone
as previously described (18, 26). Briefly, the inoculum was
divided equally into four injections delivered into the uterine
myometrium, opposite the placenta and between the gestational
sacs of the first five fetuses closest to the cervix of one uterine
horn. The contralateral uterine horn was not manipulated. All
placental experiments were performed with placentas from the
horn that was either ZIKV or mock inoculated. Routine closure
was performed after injections and dams were returned to cages
for recovery. Investigators were not blinded to the treatment
group allocation.

Tissue Collection

Mice were euthanized by CO, exposure followed by cardiac
exsanguination at either 3, 6, or 48 h post infection (hpi),
depending on the experiment. At the time of euthanasia, the total
number of viable and nonviable fetuses was quantified for each
pregnant dam. Fetal viability was determined as the percentage of
fetuses within the inoculated uterine horn for ZIKV- and mock-
infected dams that were viable. Small or discolored fetuses or
the absence of a fetus at an implantation site were counted as
nonviable. Maternal spleen as well as the uterine horn, placentas,
and fetuses of the inoculated horn were collected with tissue
either flash frozen in a dry ice-isopropanol bath or fixed in 4%
paraformaldehyde (Fisher Scientific # AAJ19943K2). All animal
studies were conducted under animal BSL2 containment.

Total RNA Extraction and qRT-PCR

Tissues were weighed and homogenized in 1 ml of QIAzol Lysis
Reagent (QIAGEN #1023537) using Lysing Matrix D tubes (MP
Biomedicals #6913100) in a MP Fast-prep 24 5G instrument.
Total RNA was extracted from tissue samples using the RNeasy
Lipid Tissue Mini Kit (QIAGEN #74804), according to the
manufacturer’s instructions. ZIKV RNA copies were determined
by one-step qRT-PCR reaction using the QuantiTect Probe
RT-PCR Kit (QIAGEN #20443) according to the manufacturer’s
protocol. The real-time PCR primers and probe for ZIKV
RNA detection were the ZIKV 1162c set described previously
(27), and the primer sequences and concentrations were as
follows: Fwd (100 pM), 5'-CCGCTGCCCAACACAAG-3'; Rev
(100 uM), 5-CCACTAACGTTCTTTTGCAGACAT-3'; probe
(25 pM), 5-/56-FAM/AGCCTACCT/ZEN/TGACAAGC
AATCAGACACTCAA/3IABKFQ/-3/ (Integrated DNA
Technologies). ZIKV RNA copies were determined relative
to a standard curve produced using serial 10-fold dilutions of
ZIKV RNA isolated from ZIKV stocks with a known infectious
virus titer.

Hematoxylin and Eosin Staining and

Immunohistochemistry

At 48 hpi (E12), mice were euthanized and placentas were fixed
overnight at 4°C in 4% PFA. The following day, placentas were
washed five times with PBS and immersed in 30% sucrose until
saturation. Using a Leica CM1950 cryostat, the specimens were
cut at 20-pm thickness and mounted on positively charged slides
(Fisher Scientific #12-550-15). Routine hematoxylin and eosin

(H&E) staining was performed to evaluate the morphological
change of the placentas. For immunohistochemical staining,
antigen retrieval was performed by boiling in citrate buffer (pH
6, Vector Lab, H-3300-250) for 20 min. Slides were washed with
PBS, which was followed by permeabilization in PBS solution
containing 0.05% Triton X-100 and 10% normal goat serum
(Invitrogen #50197Z) for 30 min. Placentas were incubated with
mouse anti-flavivirus group antigen (1:100 ThermoFisher #MA1-
7397), rabbit anti-vimentin (1:200, Abcam # ab92547), or rabbit
anti-cytokeratin (1:200, Dako #Z0622) overnight at 4°C. The
next day, sections were rinsed with PBS and then incubated
with donkey anti-mouse (ThermoFisher #R37115) or donkey
anti-rabbit (ThermoFisher #R37119) fluorescent secondary
antibodies (ThermoFisher #R37115) diluted 1:500 for 3h at
room temperature. DAPI (Roche #10236276001) was applied
for counterstaining, followed by mounting with Fluoromount-
G (eBioscience #00-4958-02). Cell density of vimentin and
cytokeratin positive cell quantification was performed using
Image J (1.47v). For each placenta, six random images in
labyrinth at the middle level (thickest) of placenta were taken,
and the average fluorescent area calculated for that placenta.
One placenta per dam was used and 3-4 dams per group
were analyzed.

TUNEL Staining

Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) was performed with Click-iT™ Plus TUNEL Assay
(ThermoFisher #C10617) per the manufacturer protocol.
Placental slides were fixed with 4% paraformaldehyde in PBS
for 15 min at 37°C, rinsed with PBS, and permeabilized with
proteinase K solution for 15 min at RT followed by staining
with TUNEL working solution for 60 min at 37°C. Specimens
were mounted on glass slides using Fluoromount-G (eBioscience
#00-4958-02). For each placenta, 10 random images in labyrinth
at the middle level (thickest) of placenta were taken, and the
average percentage TUNEL+ (TUNEL+ fluorescent signal
divided by the DAPI fluorescent signal) given for that placenta.
One placenta per dam was used and 3-4 dams per group
were analyzed.

In situ Hybridization

In situ hybridization was performed using RNAscope Multiplex
Fluorescent Reagent Kit v2 Assay (ACDBio #323136). Following
the protocol provided by the manufacture, RNAscope® Probe-
V-ZIKV (ACDBio #467771) was applied to detect the viral signal
in fetuses. All the images were viewed using a Zeiss Axioplan 2
microscope (Jena, Germany). Images were taken using a Zeiss
AxioCam MRM.

IL-18 ELISA

Flash frozen placentas were weighed and homogenized in a 1:10
weight per volume of PBS using Lysing Matrix D tubes (MP
Biomedicals #6913100) in a MP Fast-prep 24 5G instrument.
Placental homogenates were stored at —80 °C until analysis. IL1p
in placental homogenates was measured by ELISA according to
the manufacturer’s protocol (Abcam #100704).
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Western Blot

Flash frozen placentas were weighed and homogenized in 1x
Cell Lysis Buffer (Cell Signaling Technology #9803) with 1x
Protease Inhibitor cocktail (Sigma-Aldrich #P8340) and 10 mM
sodium fluoride (Fisher Scientific #5299 100) (20 pl lysis
buffer per mg tissue). Protein lysates were stored at —80°C
until analysis. The protein concentration of each lysate was
measured using the Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific #23225). For each sample, 25 g of protein
was subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) on NuPAGE 4-12% Bis-Tris gels
(Thermo Fisher Scientific #NP0329). The gel was blotted onto
Immobilon-FL PVDF Membrane (Millipore #IPFL00010) and
the membranes were blocked using a 1:1 mixture of 1x
PBS/Tween-20 solution (Sigma-Aldrich #P3563) and Intercept
blocking buffer (LI-COR Biosciences #927-70001) for 30 min at
room temperature. The membranes were treated with primary
antibody diluted in blocking solution overnight at 4°C on a
rocker. The membranes were washed with PBS-Tween thrice
(10 min per wash) and incubated in secondary antibody solutions
for 60 min at room temperature on a rocker. The membranes
were washed thrice (10 min per wash) in PBS-Tween and imaged
on a ProteinSimple FluorChem Q imager. Individual bands were
quantified using Image Studio software (LI-COR Biosciences;
version 3.1.4). The signal from each band was normalized
against the GAPDH signal as a loading control and graphed
as arbitrary units. Primary antibodies included: rabbit anti-
phospho-NF-kB p65 (Ser536) (Cell Signaling #3033), mouse
anti-NFkB p65 (Thermo Fisher Scientific #33-9900), rabbit
anti-NLRP3 (Thermo Fisher Scientific #MA5-32255), rat anti-
caspase 1 (Thermo Fisher Scientific #14-9832-82), and mouse
anti-GAPDH (Abcam #ab8245). Secondary antibodies included:
goat anti-mouse Alexa Fluor 488 (Thermo Fisher Scientific
#A11001), donkey anti-rabbit Alexa Fluor Plus 647 (Thermo
Fisher Scientific #A32795), and goat anti-rat Alex Fluor 647
(Thermo Fisher Scientific #A21247).

mRNAseq and Analysis

Quantitation of Total RNA was performed with the
Qubit BR RNA Assay kit and Qubit Flex Fluorometer
(Invitrogen/ThermoFisher), and quality assessment performed
by RNA ScreenTape analysis on an Agilent TapeStation
2200. Barcoded libraries for mRNA-Seq were prepared from
100 ng Total RNA using the Tecan Universal Plus mRNA
Seq Library kit with NuQuant, according to manufacturer’s
recommended protocol. Quality of libraries was assessed by
High Sensitivity DNA Lab Chips on an Agilent BioAnalyzer
2100. Quantitation was performed with NuQuant reagent, and
confirmed by Qubit High Sensitivity DNA assay, on Qubit 4 and
Qubit Flex Fluorometers (Invitrogen/ThermoFisher). Libraries
were diluted, and equimolar pools prepared, according to
manufacturer’s protocol for appropriate sequencer. An Illumina
iSeq Sequencer with iSeq100 i1 reagent V2 300 cycle kit was used
for final quality assessment of the library pool. For deep mRNA
sequencing, a 200 cycle (2 x 100 bp) Illumina NovaSeq SP run
was performed at Johns Hopkins Genomics, Genetic Resources
Core Facility, RRID:SCR_018669.

iSeq and NovaSeq data files were uploaded to the Partek Server
and analysis with Partek Flow NGS software, with RNA Toolkit,
was performed as follows: pre-alignment QA/QC; trimming
of reads; alignment to mm 39 Reference Index using STAR
2.7.8a; post- alignment QA/QC; quantification of gene counts
to annotation model (Partek E/M, Ensembl Transcript Release
103); filter and normalization of gene counts; and, identification
and comparison of differentially expressed genes with GSA
(gene specific analysis). From resulting gene lists, clustering
and biological interpretation was performed. Ingenuity Pathways
Analysis software (Qiagen) was used to identify molecular
networks of relevance, and the pathways and biological processes
most significantly related in the data sets.

All sequence files and sample information have been deposited
at NCBI Sequence Read Archive, NCBI BioProject: BioProject:
accession number PRJNA797437.

Statistical Analysis

Fetal viability data were analyzed with a x? test. ZIKV RNA
copies, TUNEL staining, IHC quantification, and Western Blot
data were analyzed with unpaired two-tailed ¢-tests. IL-18 ELISA
data were analyzed with two-way ANOVA with Bonferroni’s post
hoc for multiple comparisons. Data are presented as mean =+
SEM. Mean differences were considered statistically significant
at p < 0.05. Statistical analyses were performed using GraphPad
Prism v9.2 (GraphPad Software).

RESULTS

In utero Exposure to ZIKV Causes
Placental Infection, Vertical Transmission,

and Fetal Loss

Intrauterine infection of immunocompetent pregnant mice at
E10 or E14 with either African or Asian lineage strains of
ZIKV causes fetal infection and demise (18, 26). The use of a
mouse-adapted ZIKV strain was hypothesized to cause a more
robust phenotype (28). Therefore, the historic IB H 30,656
Nigeria 1968 (Nigeria ZIKV) strain, which has been passaged 21
times in suckling mice (29) was used. Consistent with previous
studies using clinical isolates of South American ZIKV (18,
26), intrauterine infection at E10 with Nigeria ZIKV reduced
fetal viability at 48 h post infection (hpi) compared with mock
inoculated dams (Figure 1A).

ZIKV RNA copies were quantified at 48 hpi in placentas and
spleens of dams infected with ZIKV at E10 (Figure 1B). ZIKV
RNA was highly detectable in placentas and spleens of infected
animals at 48 hpi (Figure 1B). ZIKV protein also was robustly
detected in the labyrinth of placentas (Figure 1C, representative
image) suggesting that infection may disrupt gas and nutrient
exchange between mother and fetus.

Since Nigeria ZIKV has already been shown to productively
infect fetuses, a 2015 Brazil clinical isolate (Brazil ZIKV) was
used to infect pregnant dams at E10, with fetuses collected 48
hpi to measure the presence ZIKV RNA in the whole body by
ISH. Consistent with previous studies using only quantitative
PCR of fetal heads or bodies (21, 26, 28, 30), ZIKV RNA was
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FIGURE 1 | In utero exposure to ZIKV causes placental infection, vertical transmission, and fetal loss. At embryonic day (E) 10, pregnant mice underwent intrauterine
injection of 10° TCIDso units of Nigeria ZIKV, Brazil ZIKV, or media (mock). (A) At 48 h post infection (hpi), dams were euthanized, and fetal viability was determined as
the percentage of fetuses within the inoculated uterine horn (n = total number of fetuses from 11 to 16 dams per group from two independent replicates). (B) Nigeria
ZIKV RNA copies were quantified from placenta or spleen collected 48 hpi. Data represent mean =+ standard error of the mean from two independent replications (n =

dashed line. Scale bar: 100 or 50 pm (IHC, C), 1,000 pm (ISH, D).

7-9/group). (C) Placentas collected 48 hpi from either mock (upper panel) or Nigeria ZIKV (lower panel) infected dams were paraformaldehyde fixed and
immunostained for ZIKV (red) and 4’'6-diamidino-2-phenylindole (DAPI, blue) to label nuclei. Representative images taken at 20x magnification (left) and further
zoomed 5.5 fold (right) are shown. (D) ZIKV RNA (green) was measured in fetuses of Brazil ZIKV infected dams by in situ hybridization (ISH) at 48 hpi. Samples were
also imaged without RNA probe incubation as a control (left) to remove background and a representative image at 5x magnification is shown for fetuses of ZIKV
infected dams (right). Significant differences (o < 0.05) were determined by x? test (A) or unpaired two tailed t-test (B). Limit of detection (LOD) indicated with a

predominantly localized to the developing fetal head and spinal
cord (Figure 1D). Taken together with previously published
studies (18, 26), these data illustrate that both African and Asian
strains of ZIKV traverse the placenta and vertically infect fetuses
with a tropism for the central nervous system, which is consistent
with CZS.

ZIKV Infection Induces Placental Damage,
Cell Death, and Disruption of Trophoblast
and Endothelial Cell Layers

To further characterize the phenotypic placental damage caused
by in utero ZIKV infection, placental morphology was analyzed
(Figure 2A). Placentas of Nigeria ZIKV, collected at 48 hpi,
showed significant damage, characterized by hemorrhage and
mixing of maternal and fetal blood in the labyrinth as compared
with placentas from mock infected dams (Figure 2A, highlighted
in the lower panels), suggesting the loss of barrier function of
trophoblast—endothelial cell layers. To define whether placental
tissue damage included cell death, TUNEL staining in the

labyrinth of placentas was performed, with the percentage of
TUNEL positive cells quantified and reported as a proportion
of DAPI+ cells (Figure 2B). The percentage of TUNEL+ cells
in placentas of ZIKV infected dams was nearly double that of
placentas of mock infected dams (Figure 2B, 3.3% in mock and
6.3% in ZIKV, p = 0.0186), indicating that ZIKV infection during
pregnancy induces cell death in the placenta.

To further characterize the damage to the placenta, changes to
the trophoblast-endothelial cell barrier, which separates maternal
and fetal blood in the labyrinth of the murine placenta (16,
25), was evaluated. Using cytokeratin (trophoblasts, Figure 3A)
and vimentin (endothelial cells, Figure 3B) staining of placentas
collected at 48 hpi, there was a significant loss of trophoblasts
in placentas of ZIKV infected dams as indicated by a 51.5%
reduction (p = 0.0458) in cytokeratin positive-area compared
with mock placentas (Figure 3A, representative image and
quantification). Similarly, disruption of the endothelial cell
layer was observed, which could be seen morphologically by
the loss of the streak-like vessel integrity seen in placentas
of mock inoculated dams (Figure 3B, representative image).
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FIGURE 2 | ZIKV infection induces placental damage and cell death. At E10, pregnant mice underwent intrauterine injection of 10° TCIDso units of Nigeria ZIKV or
media (mock). Dams were euthanized at 48 hpi and placentas were paraformaldehyde-fixed. (A) Representative H and E images were taken at 5x magnification
(upper panels) and 20x magnification (lower panels). (B) Representative TUNEL+ (green) stained placentas with DAPI to label nuclei taken at 100x magnification (left)
and quantification of TUNEL+ cells as a percentage of DAPI+ cells. Data represent mean + standard error of the mean (n = 3-4 dams/group, each dot indicates 1
placenta and is the mean quantification of 10 fields of view). Significant differences (o < 0.05) were determined by unpaired two tailed t-test. Scale bar: 1 mm (HandE,
A), 100 or 50 pm (TUNEL, B).

ZIKYV infection caused a 34% decrease in vimentin-positive area
compared to mock infected placentas (Figure 3B). Together,
these data suggest that in utero ZIKV infection damages the
placenta, including the placental labyrinth zone and disrupts both
the trophoblast and endothelial cell layers of the maternal-fetal
barrier. Disruption of the morphology of the labyrinth zone can
compromise oxygen, nutrient, and waste exchange and impact
fetal growth and viability (24, 25).

Increased Placental IL-1p in the Absence
of NLRP3 Inflammasome Upregulation

Previous studies have shown that IL-1B signaling during
pregnancy induces placental damage and disruption of the
placental labyrinth (19). To test the hypothesis that IL-1p
underlies placental damage following infection with African
lineage mouse adapted ZIKV, pregnant dams were infected at E10
with Nigeria ZIKV and placentas and spleens were collected at

either 3, 6, or 48 hpi to measure IL-1B in tissue homogenates
(Figures 4A,B). In placentas from ZIKV infected dams, IL-1f
was increased at 3 hpi to levels consistent with systemic IL-
1B treatment (19), and returned to baseline levels that were
equivalent to placentas from mock inoculated dams by 6 hpi
(Figure 4A) and 48 hpi (data not shown). No significant change
in IL-1P concentrations in the spleen was observed with ZIKV
infection (Figure 4B), suggesting that the increased placental
IL-1P does not originate from systemic circulation.

IL-1p expression and release is canonically dependent
upon the activation of inflammasomes, including the NLRP3
inflammasome (20), and both murine and human placental cells
have the capacity to activate the NLRP3 inflammasome to release
IL-1B (22, 23). Induction of NF-«kB is a key component of the
priming step of inflammasome activation (31). We hypothesized
that the NLRP3 inflammasome would be activated by ZIKV
infection of the placenta and might underlie elevated placental
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secretion of IL-1f8. Using Nigeria ZIKV, pregnant dams were
infected at E10 and euthanized at 3 hpi during peak placental
IL-1P secretion and at 6 hpi, after IL-18 returned to baseline.
Protein expression of components of the NLRP3 inflammasome
cascade, including phosphorylated (at Ser536) and total-NF-«kB
p65, NLRP3 and caspase 1 (Figures 4C,D for blots, Figures 4E,F
for quantification) were quantified in placental homogenates,
relative to GAPDH (Figures 4E,F).

Protein expression of pNF-kB p65 in the placenta did not
differ between ZIKV and mock infected dams at either timepoint
(Figures 4C,E for 3 hpi and Figures 4D,F for 6 hpi). Placental
NLRP3 expression in ZIKV compared to mock infected dams
also did not differ at either timepoint (Figures 4C,E for 3 hpi
and Figures 4D,F for 6 hpi). Together with the expression of
PNE-kB p65, this is evidence that intrauterine ZIKV infection is

not inducing NLRP3 inflammasome priming in the placenta at
3 or 6 hpi. Cleavage of pro-caspase 1 occurs upon assembly of
inflammasomes, including the NLRP3 inflammasome, activating
caspase 1 to process downstream products including IL-1beta,
IL18, and Gasdermin D (32, 33). Measurement of cleaved caspase
1 is used as an indicator of inflammasome activation (19, 34, 35).
Protein expression of the 20 kDa cleaved caspase 1 subunit was
below the level of detection in placentas of both mock and ZIKV
infected dams, while pro-caspase 1 was detectable and did not
differ between ZIKV and mock infected dams (Figures 4C,E for
3 hpi and Figures 4D,F for 6 hpi). To ensure that the antibody
utilized for measuring cleaved caspase-1 was functional, caspase-
1 was measured in ASC expressing RAW 264.7 (RAW-ASC) cells,
a mouse macrophage cell line capable of activating the NLRP3
inflammasome and illustrated robust expression (Figure 4G).
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tailed t-test (WB) or two-way ANOVA with Bonferroni post hoc test (ELISA).

FIGURE 4 | (C,E) or 6 hpi (D,F), homogenized, and analyzed by ELISA (A,B) or Western blot for phosphorylated (p)NFkB p65, total NFkB p65, and NLRP3 or
cleaved-caspase 1 (20 kDa cleavage fragment) and pro-caspase 1. GAPDH is shown as the loading control. Placentas from two independent experiments were
analyzed together to avoid gel to gel variability (C,D). Quantified protein expression (E,F) of pNFkB p65, NLRP3, and pro-caspase 1 in the placenta is shown as the
fluorescence signal for each protein normalized to GAPDH. Phosphorylation of NFkB p65 is also shown as a proportion of total NFkB p65 per placenta. As a positive
control for caspase-1 expression, RAW-ASC cells were primed and stimulated and cell lysate collected for Western blot analysis (G) Data represent mean + standard
error of the mean [n =5-12/group (ELISA), 6-7/group (WB)]. Significant differences were determined (*p < 0.05; ns, not significant) were determined by unpaired two

Taken together, these data indicate that the NLPR3
inflammasome is not activated in the placenta in response
to intrauterine Nigeria ZIKV infection.

ZIKV Infection Downregulates
Transcriptional Activity in the Placenta,
Including Genes Associated With Cellular

Function and Development

To transcriptionally evaluate the role of ZIKV infection and its
contribution to the observed placental damage and disruption
of substrate exchange in the placental labyrinth, we performed
bulk mRNA sequencing of placentas from Nigeria ZIKV and
mock inoculated dams collected 48 hpi. Utilizing standard
cutoffs of a p-value < 0.05 and fold change —2< or >2, there
were 928 differentially expressed genes between placentas
of ZIKV and mock inoculated dams. Of these 928 genes,
the majority (794) were downregulated in response to ZIKV
infection (Figure 5A), revealing that ZIKV induces broad
downregulation of host gene expression in the placenta during
infection. To further characterize the effects of ZIKV infection
on placental function, expression results of the 928 differentially
expressed genes were imported into QTAGEN Ingenuity Pathway
Analysis (IPA) to evaluate the interactions and associations
of genes up or downregulated in the placenta during ZIKV
infection (Figures 5B-F). The top five networks of diseases
and functions containing genes differentially expressed in the
placenta during ZIKV infection were “Cellular Development,
Gene Expression, Tissue Morphology (Figure5B)”, “Cell
Signaling, Cell-To-Cell Signaling and Interaction, Nucleic
Acid Metabolism (Figure 5C)”, “Cell-To-Cell Signaling and
Interaction, Molecular Transport, Small Molecule Biochemistry
(Figure 5D)”, “Endocrine System Disorders, Gastrointestinal
Disease, Immunological Disease (Figure 5E)”, and “Digestive
System Development and Function, Neurological Disease,
Ophthalmic Disease (Figure 5F)”. Broadly, this network
analysis further showcases the downregulation of host genes
in the placenta by ZIKV infection (Figures5B-F, green
indicates significant downregulation). Genes associated with
tissue morphology (Figure 5B) were downregulated by ZIKV
infection between 2.056- and 1827.577-fold (fold change of
specific genes indicated by shade) supporting the role of
ZIKV in the morphological changes seen in the labyrinth
of the placenta (Figures2A, 3B). Genes associated with key
cellular functions, including gene expression (Figure5B),
cellular signaling (Figures 5C,D), nucleic acid metabolism
(Figure 5C), and molecular transport (Figure5D) were
downregulated between 2.004- and 947.01-fold by ZIKV

infection, potentially causing cellular stress and the tissue
damage observed histologically in placental slices (Figures 2, 3).
Expression of genes associated with endocrine, gastrointestinal,
immunological, neurological, and ophthalmic development and
diseases were downregulated between 2.021- and 1348.931-
fold by ZIKV infection (Figures5E,F), consistent with
evidence associating placental neurodevelopment gene
expression with child neurobehavior (36, 37). Placental and
fetal development is a tightly regulated process (16, 38), and
downregulated gene expression changes induced in the placenta
by ZIKV infection may have long-term consequences on
the fetus.

DISCUSSION

Placental inflammation, dysfunction, and damage are major
contributing factors to adverse perinatal outcomes during
maternal infections (39-43). Intrauterine infection of dams
with diverse ZIKVs cause productive infection of the placentas
and fetuses, disrupt the placental architecture, and reduce
fetal viability. Increased secretion of IL-1B, but not other
proinflammatory cytokines, in the placenta causes adverse fetal
outcomes in our model (18). In this study, we sought to further
characterize the placental damage observed after intrauterine
ZIKV infection, both transcriptionally as well as at cellular and
tissue levels. Disruption of the maternal-fetal barrier, including
cell death and significant reductions in both trophoblasts and
endothelial cells within the labyrinth zone, were observed. ZIKV
also induced dramatic downregulation of genes in the placenta,
including those associated with cellular functions and tissue
morphology, which may provide a potential transcriptional
mechanism of the observed damage to both the placenta and
fetal tissue.

Phylogenetic analyses indicate two major lineages of ZIKV,
the Asian lineage and the African lineage, with viruses of
the 2015-2017 epidemic clustering within the Asian lineage
(44, 45). While lineage-specific mutations exist (45, 46),
the contributions of these mutations to pathogenesis and
development of CZS remains unresolved. Most studies indicate
that African lineage strains are more virulent than Asian
lineage strains in vivo (47-49). For example, African lineage
viruses replicate to higher titers in fetal organs than do
Asian lineage viruses in a porcine model (49). The molecular
mechanisms that define these lineage-dependent differences
remain unclear. In our model of intrauterine ZIKV infection
of pregnant mice, both Asian (Brazil, 2015; Puerto Rico, 2015)
and African (Nigeria, 1968) lineage viruses replicate in the
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placenta, induce placental damage, upregulate placental IL-
1B secretion, and reduce fetal viability (18, 26). Additionally,
both Asian and African strains vertically transmit, with ZIKV
detectable in fetal tissues, including the brain and spinal cord,
and cause cortical thinning, congenital malformations, and
behavioral deficits in offspring (18, 26). Our data add to a
growing body of literature suggesting that both Asian and
African lineage viruses have the capacity to cause adverse
perinatal outcomes.

We have shown previously that adverse perinatal outcomes,
including disruption of the placental architecture, congenital
malformations, and reduced fetal viability are caused by
transient elevation of placental IL-1B, which is reversed
by coadministration of an IL-1 receptor antagonist (18).
Elevated IL-1B secretion occurs after intrauterine infection
with either Asian [Brazil, 2015; (18)] or African (Nigeria,
1968) lineage viruses. Further, studies of intrauterine
inflammation in the absence of replicating virus infection
through intrauterine injection of lipopolysaccharide further
reveal a role for IL-1p as a key mediator of perinatal brain
injury and disrupted offspring neurodevelopment (19, 50-
53). Consistent with these observations, treatment of dams
with recombinant IL-18 at E14-E17 of pregnancy results
distortion of the placental labyrinth structure, decreased
numbers of mononuclear trophoblast giant cells, and reduced
proportions of endothelial cells as compared to placentas
from control dams, with fetal brains exhibiting evidence of
reduced cortical neuronal morphology (19). Collectively,
these data suggest that IL-1f is a significant mediator of
placental dysfunction and adverse perinatal outcomes. The
molecular mechanism of increased placental IL-1f secretion,
however, has not been reported. Based on results from the
current study, the NLRP3 inflammasome was not activated
in response to ZIKV infection in the placenta. Evidence
exists, however, for IL-1f activation and secretion via non-
canonical pathways (54-57), which should be considered in
future studies.

During gestation, the placenta is the site of nutrient, oxygen,
and waste exchange between the mother and fetus. In mice,
this occurs specifically in the placental labyrinth, a structure
where maternal and fetal blood are separated by three layers
of trophoblasts and one layer of endothelial cells (16, 24, 25,
58). Evidence from diverse models indicates that deficits in
maternal-fetal substrate exchange cause adverse fetal outcomes,
including intrauterine growth restrictions and abortion (38, 59—
62). We and others have previously observed placental damage
after ZIKV infection (18, 26, 30), a finding also seen in human
term placentas (63). In the current study, we have further
defined this damage as a significant loss of trophoblasts and
endothelial cells within the maternal-fetal barrier, and identified
transcriptional changes associated with the observed placental
damage. Others have focused on transcriptionally profiling cells
infected with ZIKV in vitro [reviewed in (64)] or have used
human placental tissue at-term, well after ZIKV infection has
been controlled (65, 66). In contrast, we utilized placentas
collected during peak ZIKV replication (26) and found robust

downregulation of genes, including those involved in cellular
function and tissue modeling. As placental and fetal (including
fetal neurodevelopment) is a highly regulated process (16, 24,
25, 38), these transcriptional changes may have long-lasting
effects on the offspring, in addition to underpinning the observed
placental damage.

Infection with viruses, including influenza A viruses,
Cytomegalovirus, and Hepatitis E virus, during pregnancy
also result in maternal inflammation, transplacental and
fetal infections, or both (1, 2, 13). There is a growing
need to elucidate the role of virus replication vs. maternal
inflammation as mediators of adverse perinatal outcomes from
infections, including SARS-CoV2. Several studies illustrate
SARS-CoV2 infection during pregnancy contributes to
negative maternal and fetal outcomes, such as preterm birth,
although presence of vertical transmission is debated (67-69).
Animal models of viral infections during pregnancy will be
integral for identifying the molecular mechanisms of adverse
pregnancy outcomes.
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