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Abstract

The ability of Zika virus (ZIKV) to cross the placenta and infect the fetus is a key mechanism by
which ZIKV causes microcephaly. How the virus crosses the placenta and the role of the immune
response in this process remain unclear. In the current study, we examined how ZIKV infection
affected innate immune cells within the placenta and fetus and whether these cells influenced virus
vertical transmission (VTx). We found myeloid cells were elevated in the placenta of pregnant
ZIKV infected RagZ™~ mice treated with an anti-interferon receptor antibody, primarily at the end
of pregnancy, as well as transiently in the fetus several days before birth. These cells, which
included maternal monocytes/macrophages, neutrophils and fetal myeloid cells contained viral
RNA and infectious virus suggesting they may be infected and contributing to viral replication and
VTx. However, depletion of monocyte/macrophage myeloid cells from the dam during ZIKV
infection resulted in increased ZIKV infection in the fetus. Myeloid cells in the fetus were not
depleted in this experiment likely due to an inability of liposome particles containing the cytotoxic
drug to cross the placenta. Thus, the increased virus infection in the fetus was not the result of an
impaired fetal myeloid response or breakdown of the placental barrier. Collectively, these data
suggest that monocyte/macrophage myeloid cells in the placenta play a significant role in
inhibiting ZIKV VTx to the fetus, possibly through phagocytosis of virus or virus infected cells.

Introduction

Zika virus (ZIKV) is a flavivirus transmitted primarily by Aedes species mosquitoes that is
typically asymptomatic or causes only mild febrile disease in humans (1). However, in a
2015 outbreak in Brazil (2), ZIKV was found to be the causative agent contributing to an
alarming increase in congenital birth defects (3-5). Most devastating amongst these defects
was abnormal fetal nervous system development including calcifications, cortical thinning
and aberrant neuronal death associated with virus-induced brain inflammation (6-8). In rarer
cases, ZIKV infection in the fetus resulted in microcephaly (9), a severe neurodevelopmental
condition characterized by a smaller than average head and brain (10). Implicit in these
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findings is the ability of ZIKV to cross the human placental barrier in viremic mothers to
infect the fetus and ultimately the fetal brain. How the virus is transmitted is not fully
understood.

Vertical transmission (VTx) of pathogens across the placenta is a rare occurrence, and
accounts for only a small percentage of congenital abnormalities (11). This is due to the fact
that the placenta is a formidable physical barrier which only a limited number of pathogens
can cross (12, 13). This barrier is primarily formed by syncytiotrophoblast cells which are
fetal in origin and are generated from fetal cytotrophoblasts that invade, remodel and anchor
themselves within uterine decidua to form an intervillous space which is bathed in maternal
blood (14). Syncytiotrophoblasts also function to anchor fetal capillaries within the villus
space and mediate the exchange of molecules between the two blood supplies. This
syncytiotrophoblast layer has been shown to be resistant to infection (11), including by
ZIKV, through paracrine type-1 interferon (IFN) signaling (15). Thus, ZIKV likely does not
cross the placental barrier by directly infecting the syncytiotrophoblast layer but by some
other mechanism.

Studies have shown that ZIKV can infect nonsyncytiotrophoblast placental cells (16-18) and
induce cellular damage in pregnant mice that is associated with both fetal growth restriction
and virus VTx (19, 20). While the cause of this damage remains unclear, ZIKV infection of
placental cells can induce the expression of proinflammatory cytokines (21-23) that may
both contribute to virus levels as well as mediate placental damage (24, 25). Indeed, a
nonhuman primate study demonstrated immune cell infiltration into the placenta in response
to ZIKV infection during pregnancy that was correlated with placental dysfunction (26).
Additionally, a case report of a ZIKV-infected, spontaneously aborted human pregnancy
demonstrated increased amounts of immune cells in the infected placenta (23). Collectively,
these data suggest virus-induced immunopathology could be a possible mechanism for
ZIKV VTx. Conversely, immune cell infiltration into tissue is not necessarily pathogenic and
is commonly required for effective viral control and clearance (27, 28). Thus, a better
understanding of what cells are recruited to the placenta and the role those cells have in virus
transmission to the fetus is important in determining how to prevent ZIKV-mediated
congenital disease.

Of the immune cells that may be involved in ZIKV VTx across the placenta, innate immune
cells are of particular interest. Factors involved in the recruitment of innate immune cells are
expressed in the ZIKV infected placenta (21-23, 26). Although the role of these cells in the
placenta has not been examined, they have been shown to be essential for an effective
antiviral response in ZIKV peripheral infection (29, 30). Conversely, they can mediate tissue
immunopathology during viral infection (31, 32) which could promote VTx. Innate immune
cells may also be relevant to ZIKV VTx in the placenta because both maternal and fetal
myeloid cells have been shown to be targets of ZIKV infection (33-35) and could thus play
a role in virus replication and trafficking within the placenta.

Several models of ZIKV VTx have been described using IFNAR1™~ mice, hSTAT2
transgenic mice, immunocompetent mice treated with anti-IFNAR antibody and wholly
immunocompetent mice (19, 20, 36-39). While useful for pathogenesis studies, these
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models either require the use of mouse-adapted virus strains or have confounding factors
including maternal weight loss, /n utero fetal demise or inconsistent VTx. Our previous
studies have established that anti-IFNAR1 treatment of pregnant Ragl™~ (AIR) mice results
in consistent ZIKV VTx to the fetus following infection with a wildtype Paraiba isolate at 7
days post-conception (40). To our knowledge, this is the only model of wildtype ZIKV VTx
without maternal weight loss or high levels of /n utero fetal demise. Although, AIR mice
lack functional T cell responses due to Ragl deficiency, they still retain a competent type-I
interferon (IFN) response as compared to IFNAR1 ™/~ mice which develop pregnancy-
confounding disease shortly after infection (19, 41). Thus, the AIR model allows for
antibody-mediated antagonism of the type-1 IFN response which mimics the anti-IFN effect
of ZIKV in human infection (42), making it a useful model to examine the role of innate
immune cells in ZIKV VTx. Here we demonstrate that myeloid cells were increased in the
placenta following infection and were positive for ZIKV. Surprisingly, these cells did not
contribute to vertical transmission, but were instead a key component in reducing the spread
of virus to the fetus.

Materials and Methods

Ethics statement

Virus

All mouse experiments were approved by Rocky Mountain Laboratories Institutional
Animal Care and Use Committee and adhered to the National Institutes of Health guidelines
and ethical policies, under protocol# 2018-001E.

The previously described Paraiba strain of ZIKV (42) was used for all experiments and was
kindly provided by Dr. Steven Whitehead (NIH). This strain was isolated from a human
clinical case in Paraiba (Brazil) during the outbreak in that country in 2015. Virus working
stocks were generated by a single passage of a founder stock in C6/36 cells (ATCC) grown
according to the supplier’s recommendation with the exception that upon infection, cells
were maintained at 30°C. Supernatants were collected at 3 days post infection (dpi) and
frozen at 80°C for future dilution and use. Virus stocks underwent no more than 3 passages.

Generation and infection IgR and AIR mice

Rag1™~ (B6.129S7-Rag1!mIMomj3) mice which are deficient in B and T lymphocytes and
mice with global cellular expression of GFP (C57BL/6-Tg(UBC-GFP)30Scha/J) (Jackson
Laboratories) were maintained on a C57BL/6 background in a breeding colony at RML.
Eight-to-twelve-week-old female RagZ~~ mice were treated with anti-IFNAR1 clone
MAR1-5A3 to generate AIR (anti-interferon RagZ~'~) mice or with normal mouse IgG to
generate IgR (1gG RagZ™'~) mice as shown in Fig. 1A and previously described (40).
Pregnant mice were inoculated intraperitoneally (i.p.) 5-8 days post mating with 104 plaque
forming units (PFU) of ZIKV, diluted in sterile 1XPBS, in a volume of 200 pl/mouse.
Pregnant, infected IgR and AIR mice were observed daily for signs of neurologic disease or
abnormal pregnancy weight gain/loss, however, all mice were clinically unremarkable as
previously described (40).
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Fetal crosses and experimental usage

Ragl1™~ females were bred to congenic RagZ~~males or to global GFP males prior to AIR
or IgR treatment to generate crosses for specific experiments (outlined in Fig. 1A). Fetal
gender was not determined for these experiments, but entire litters were used for a single
analysis.

Placentas and fetuses from Ragl™~ x Ragl™~ AIR and IgR crosses were used for
phenotyping the cellular infiltrate into the placenta and fetus and for VTx studies (Fig. 1, 3,
4, 5A-E, 6 and Sup. Fig. 1, 2-4 and Sup. Fig. 4). For placental phenotyping experiments
(Fig. 1B-F), 11-to-36 placentas from each of two-to-four pregnant IgR or AIR mice were
analyzed for each time point. For fetal phenotyping experiments (Fig. 5A-E), five-to-ten
fetuses from a subset of the pregnancies used in placental phenotyping experiments were
analyzed. Eight or more samples were used in the analysis at each time point for each
treatment group. Collectively, fifteen AIR pregnancies were used in VTx experiments (Fig.
3, 4, Sup. Fig. 2-4 and Table I) with eight being treated with clodronate and seven treated
with control liposomes. Two pregnancies from each treatment were used for depletion
verification (Sup. Fig. 2-3). Five clodronate and four control liposomes AIR pregnancies
were split between RNA and plaque assay analysis (Fig. 3) and histological analysis (Table
I, Fig. 7 D, E). One pregnancy from each treatment was used for an Evans Blue placental
leakage experiment (Sup. Fig. 4).

To distinguish maternal and fetal cells for infectious center assay and RNA analysis, Rag1™/~
females were mated with GFP Tg male mice, so that fetal derived cells were GFP*, while
maternal cells were GFP~ . These crosses were used for FACs sorting experiments (Fig. 2,
5F, G and Sup. Fig. 1). FACs sorts from placenta (Fig. 2 and Sup. Fig. 1) were performed on
pregnancies from four IgR and four AIR dams with two taken on each dpi analyzed (11 and
12dpi). For the fetal sorts (Fig. 5), three IgR and four AIR dams were analyzed, with two of
each examined at 11dpi and one IgR and two AIR examined at 12dpi.

Treatment of mice with clodronate or control liposomes

For the depletion of phagocytic myeloid cells, pregnant AIR mice were treated with 125uL
i.p. of a 7mg/mL active dose solution of clodronate filled liposomes (Clophosome®,
FormuMax) on four days (5, 7, 9 and 11dpi). This every-other-day regiment was adopted as
it has been shown to be required for consistent iMO depletion in tissue (43). Controls were
given an equivalent volume of control (empty) liposomes on the same schedule. Depletion
was validated by flow cytometry (see below).

Flow cytometric phenotyping and validation of depletion of immune cells from placenta

and fetus

Placentas and whole fetuses were isolated from pregnant AIR or IgR mice on the indicated
days and the tissues were homogenized using a dounce homogenizer, then passed through a
100um filter to generate a single-cell suspension. At room temperature (rt), RBCs were
removed using lysis buffer (0.15 M NH4CI, 10 mM KHCO3, 0.1 M EDTA), and cells were
washed with 0.4% BSA in 1xPBS and passed through a 70um filter to remove cellular
debris. Cells were then surface stained with primary-conjugate antibodies for 30-45 min at
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4°C in the dark. The antibodies used for cell staining were purchased from BD Pharmingen,
eBioscience, or BioLegend, unless otherwise noted. The following antibody combination
was used: CD86—-PE, F480-APC, CD11b-Brilliant Violet 510, CD45-APC/Cy7, Ly6C-
AF700, Ly6G-Pacific Blue and CD11c-PE/Cy7. Cells were fixed in 4% paraformaldehyde in
1xPBS, washed with 1xPBS and data were acquired on a FACSymphony A5 cytometer (BD
Biosciences). Gates were used to exclude cellular debris and doublets (Fig.1 A, E) and the
CD45*, CD11b* myeloid population identified (Fig.1 B, F). Ly6G* neutrophils
(granulocytes) and Ly6C* monocytes (iMOs) were identified within the CD45*, CD11b*
gate (Fig. 1 C, G) and the remaining macrophage/other myeloid population were assayed for
F4/80 and CD86 expression (Fig. 1 D, H). An abbreviated version of this gating is shown in
Fig. 3 for the clodronate depletion experiments with the alteration that macrophages and
other myeloid cells are grouped together. Each of the identified populations were examined
for CD11c expression and found to be negative (not shown). All analysis was performed
using FCS Express v5 software (DeNovo Software).

FACs sorting of immune cells from placenta and fetus

Placental and fetal single cell suspensions were generated as described above from placentas
and fetuses from RagZ~'~ female x GFP* male matings. Cells were then run through a
0-30-70% Percoll gradient as previously described (44) and collected at the 70-30%
interface to concentrate the immune cell population. Cells were then washed with 2%BSA in
1xPBS and surfaced stained as described above. The following antibody combination was
used: CD11b-APC, CD45-PE, Ly6C-AF700 and Ly6G-PB. Cells were then sort on a four
channel FACsAria Ilu (BD Biosciences). Cells from placenta or fetus were first sorted based
on their GFP expression to distinguish maternal from fetal cells. Next, in the placenta,
CD45" CD11b™ fetal myeloid cells were sorted and collected as a bulk population.
Conversely in the fetus, CD45+ CD11b+ maternal myeloid cells were sorted and collected.
Then, remaining unsorted maternal or fetal cells populations from placenta or fetus
respectively were then sorted by Ly6G and Ly6C expression to identify neutrophils and
monocytes (iMOs) respectively and collected. Finally, the remaining Ly6G™ and Ly6C'ow
populations from each were collected as the final bulk myeloid population. A graphic of this
gating strategy for placenta in shown in Sup. Fig. 2. The same strategy was used for fetal
tissue except that maternal myeloid cells were collected as a bulk population (Sup. Fig. 11—
M) and fetal myeloid cells were sorted based on Ly6G and Ly6C expression as described
above (Sup. Fig. 1L-P). Sorts contained between ~1500-50,000 cells dependent on the cell
type and tissue being sorted. Cells were sorted into either ZR RNA buffer (Zymo Research)
and immediately processed for RNA isolation or into DMEM cell medium culture
containing 2% fetal bovine serum for infectious center assay.

Infectious center assay

Sorted myeloid cells population (see above) were plated onto confluent Vero cells in 24 well
plates at a known number of cells (events) per well. Immediately following plating, 500 pl of
1.5% carboxymethyl cellulose in MEM was overlaid onto the cells, and the cells were
incubated undisturbed at 37°C for 5 d. Then cells were fixed by adding 10% formaldehyde
to each well until full and allowed to sit for 1 h at rt. After fixation, plates were rinsed gently
with deionized water and stained with 0.35% Crystal violet for 15 min. Plates were rinsed

J Immunol. Author manuscript; available in PMC 2021 August 02.


http://www.ebioscience.com/
http://www.biolegend.com/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Winkler et al. Page 6

and allowed to air dry in an inverted position. The number of infectious centers per well was
determined by plaque counts. Data is presented as number of plaques per 1000 cells (events)
plated into each well.

Real-time quantitative PCR

Real-time PCR analysis of mMRNA expression from FACs sorted cells, placenta, fetal body or
fetal brain was completed as previously described (45). The primers used included Gapdh.2-
152F (5’'-TGCACCACCAACTGCTTAGC-3"), Gapdh.2-342R (5'-
TGGATGCAGGGATGATGTTC-3"), ZIKVFP8008F (5'-
AAGCTGAGATGGTTGGTGGA-3"), and ZIKVFP8121R (5'-
TTGAACTTTGCGGATGGTGG-3"). Primers were subjected to BLAST analysis (National
Center for Biotechnology Information) to ensure detection of only the specified gene and
were tested on positive controls to ensure amplification of a single product. Data for each
sample were calculated as the percentage difference in threshold cycle (C7) value (ACr= Cr
for GAPDH gene — Crfor specified gene). Gene expression was plotted as the percentage of
gene expression relative to that of the GAPDH gene.

Plaque assays for ZIKV in tissues

Placenta and fetal bodies and brains from ZIKV-infected mice were weighed and placed in
2ml tubes with 2.3mm zirconia/silica beads (BioSpec). Serum-free DMEM was added to the
tubes at volumes of 500yl for placentas, 250l for fetal brains, and 750ul for fetal bodies.
Samples were then homogenized on a Bead Mill 24 (Fisher) at 5300 rpm for 25 seconds.
Homogenates were clarified at 5000xg for 10 minutes at 4C, and the supernatant was
transferred to new tubes. Fetal bodies were clarified a second time. Serially diluted solution
from clarified samples was added to confluent \ero cells in a 24-well plate and incubated
again for 1 h at 37°C. After incubation, plates were treated the same as described in the
infectious center assay above. Viral titer was calculated by dividing the number of plaques
per given sample by the mg plated per well, based on starting tissue weight/volume. Data are
reported as PFU per mg of tissue

Immunohistochemistry and in situ hybridization

At the experimental end point, some placentas and fetuses (Table I) were bisected along the
dorsal midline to expose internal organs and placed in 10% neutral buffered formalin. Whole
tissues were serially sectioned (5 um) and mounted on slides. For immunohistochemistry,
sections were blocked (5% BSA, 0.05% Triton in PBS) at rt for 1 h and then primary
antibodies against ZIKV NS5 (1:3000; Aves Labs) and ionized calcium binding adaptor
protein 1 (Ibal, 1:250; Dako) were applied and incubated overnight at 4°C in blocking
buffer. Secondary antibodies were used to label specific primaries (goat anti-chicken Alexa
Fluor 488 and donkey anti-rabbit Alexa Fluor 594). Secondaries were incubated for 1 h at rt.
Hoechst (ThermoFischer) was used to label cell nuclei according to the manufacturer’s
instructions. Number 1.5 coverslips were applied over ProLong Gold mounting medium |
(nuclei, Molecular Probes) prior to imaging. All slides were then imaged using a Zeiss Axio
Scan.Z1 (Carl Zeiss) with a Plan-Apochromat 40x objective (NA 0.95) make composite
images (Fig. 5 and Sup Fig. 1).
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Evans Blue injection of infected pregnant AIR mice

To examine vascular leak across the placenta during ZIKV infection, Evans Blue dye was
administered intravenously to pregnant AIR mice at 11dpi as previously describedhttps://
www.nature.com/articles/s41598-017-07099-7-ref-CR25 (46). Following injection, whole
fetuses were dissected and fixed with 10% neutral buffered formalin. Whole pups were
imaged with an Olympus SZX16 dissection scope coupled to an Olympus DP25 camera.

Statistical analysis

Results

All statistical analyses were performed using Prism 7.01 software (GraphPad). The
statistical test for each experiment is described in the figure legends.

Myeloid cell proportions are elevated in the placenta of ZIKV infected AIR mice late in

pregnancy

ZIKV can infect the placenta (6, 40) causing inflammation (23, 26). However, the makeup of
this inflammatory response or how it influences viral VTx is not well understood. We used
ZIKV-infected, pregnant anti-interferon antibody treated, RagZ~'~ (AIR) mice (40) to study
the myeloid cellular immune response in the placenta over time (Fig. 1A, blue). In this
model, dams were treated with anti-IFNAR1 antibody at -1, 3, 7 and 11 days post
inoculation (dpi) starting at 5-7 days of pregnancy and infected with ZIKV at 6-8 days of
pregnancy. Time point matched IgG treated RagZ~/~ (IgR) mice were used as experimental
controls as these mice are genotypically identical, but control virus infection sufficiently to
prevent infection of the placenta and VTx to the fetus (40). Flow cytometric analysis of
placenta samples from ZIKV infected AIR mice showed a proportional increase in CD45*
CD11b* myeloid cells compared to IgR controls beginning at 7 days post infection (dpi)
corresponding to embryonic day (E)11-14 (Sup. Fig. 1 B, F and Fig. 1 B). This infiltration
peaked at 11dpi (E15-18) and was sustained through 12dpi, just prior to birth (~E16-19).

To better understand the type of myeloid cells infiltrating the placenta, markers for specific
cell types were analyzed and reported as a proportion of the entire placenta. Ly6G™*
neutrophils were increased in placentas of AIR mice compared to IgR mice at 7 (E11-14),
11 (E15-18) and 12dpi (E16-19) (Sup. Fig. 1C, G and Fig. 1C). Ly6C* inflammatory
monocytes (iMOs) were proportionally higher in AIR mice placenta from 10dpi through the
end of the experiment (Sup. Fig. 1C, G and Fig. 1D). The Ly6C!°" Ly6G~ population of
CD45" CD11b™ myeloid cells in the placenta contained F480* macrophages, F480" CD86™"
double positive macrophages (populations shown in Sup Fig. 1. D, H). Analysis of this cell
population showed increased proportions of both F480* and F480* CD86" double positive
macrophages in AIR placentas later in pregnancy relative to IgR controls, with the largest
differences being at 11dpi, but continuing through to near birth at 12dpi (Fig. 1E, F). These
findings demonstrate an increase of myeloid cell types, including monocytes, neutrophils
and other myeloid cells, in the placenta at later stages of pregnancy during ZIKV infection.
This increase of myeloid cells could influence transmission of virus to the fetus as well as
fetal development.
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Myeloid cells in the placenta contain ZIKV RNA and infectious virus

The function of myeloid cells in the ZIKV infected placenta is unclear. These cells may be
involved in viral clearance or alternatively be infected by the virus and contribute to virus
replication or both at once. To examine these possibilities, myeloid cells in the placenta were
isolated by fluorescent activated cell sorting (FACs) from ZIKV infected AIR and IgR mice
at 11 and 12dpi (E15-18 and E16-19 respectively) and assayed for infectious virus (11dpi)
or viral RNA (12dpi) (Fig. 1A, green). Because placental myeloid cells can be of either
maternal or fetal origin, AIR or IgR female mice were bred with male mice globally
expressing GFP to generate heterozygous GFP* fetuses. Thus, maternal myeloid cells were
GFP~, while fetal myeloid cells were GFP* and easily distinguishable (Sup. Fig. 11, M).
From both IgR and AIR placentas, CD45* CD11b* fetal myeloid cells were identified and
collected (Sup. Fig. 1J, N). Additionally, CD45* CD11b* maternal myeloid cells were gated
on (Sup. Fig. 1K, O) and sorted by Ly6G* and Ly6C* expression to discriminate neutrophils
and monocytes as described above (Sup. Fig. 1L, P). The remaining Ly6G™ and Ly6C!oW
myeloid population was also collected as a general maternal myeloid population. This
protocol resulted in a total of four sorted populations: 1) Ly6C* maternal iMOs, 2) Ly6G*
maternal neutrophils, 3) CD45" CD11b* Ly6G~ Ly6C~ maternal myeloid cells, and 4)
CD45" CD11b* Ly6G~ Ly6C~ GFP* fetal myeloid cells. Infectious center assays (Fig. 2A)
or quantitative reverse-transcription PCR (qRT-PCR) analysis of ZIKV RNA (Fig. 2B) was
performed on each of the four isolated myeloid populations from infected IgR and AIR mice
at 11 and 12 dpi respectively. All four populations of cells, including fetal myeloid cells,
from the placentas of AIR mice were positive for both infectious ZIKV and ZIKV RNA,
while cells from IgR mice were generally below the level of detection. Thus, during late-
stage pregnancy in ZIKV infected AIR mice, both maternal and fetal placenta myeloid cells
appear to be infected suggesting they could be contributing to virus production. However, it
remains unclear what role these cells play in ZIKV VTx.

Depletion of myeloid cells in placenta by clodronate liposomes

To examine a roll for myeloid cells in ZIKV VTx across the placenta, clodronate was used to
deplete phagocytic myeloid cells in pregnant, ZIKV-infected AIR mice (Fig. 1A, red). To
validate effective depletion, 12dpi placentas from infected AIR mice treated with either
control empty liposomes (Sup. Fig. 2A) or clodronate containing liposomes (Sup. Fig. 2B)
were analyzed by flow cytometry. The overall proportion of CD45*CD11b* positive
myeloid cells was significantly reduced in clodronate treated animals (Sup. Fig. 2A-C).
Analysis of separate cell types showed that clodronate treatment did not alter the proportions
of neutrophils but did significantly reduce the proportions of other remaining myeloid cell
population including both maternal and fetal macrophages but also Ly6C* iMOs (Sup. Fig.
2C). Thus, clodronate treatment effectively depleted inflammatory monocytes and other non-
neutrophil myeloid cells from the placenta of ZIKV infected AIR mice.

Myeloid cell depletion increases VTx to the fetus.

From previous work, VTx of ZIKV to the fetus occurs primarily between 10-12dpi in the
AIR model (40) (data not shown). Therefore, because myeloid cells peaked in the placenta at
11-12dpi (Fig. 1B), we examined individual placentas, fetal bodies and fetal brains from
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ZIKV-infected AIR mice treated with control or clodronate liposomes at these time points
for viral RNA (Fig. 3A-C) and infectious virus by plaque assay (Fig. 3D-F). Placentas from
clodronate treated AIR mice contained similar amounts of viral RNA and infectious virus
compared to day-matched controls at both time points examined, indicating myeloid cell
depletion did not significantly alter viral infection in this organ (Fig. 3A, D).

At 11dpi, viral RNA and infectious virus levels were similar in the fetal body of control and
clodronate treated samples (Fig. 3B, E). However, one day later, a significant increase in
viral RNA and infectious virus was observed in fetuses from the clodronate-treated group
(Fig. 3B, E). Increased viral RNA and infectious virus was also found in the fetal brain of
clodronate treated samples at 12dpi (Fig. 3C, F) relative to controls. These data suggest
myeloid cells recruited to the placenta during ZIKV infection actively inhibit viral VTx at a
critical time point late in pregnancy.

ZIKV infection is wide spread in fetuses from clodronate treated dams

To compare the extent of viral infection within fetuses from dams treated with clodronate
relative to dams treated with control liposome, whole-mount immunohistochemistry was
performed on samples at 12dpi (Fig. 4 and Table I). For each fetus, two bilateral sections
taken ~1mm off the midline were labeled for ZIKV antigen and Ibal and analyzed. ZIKV
antigen was detectable somewhere within the entire fetus in ~39% of samples from control
liposome treated AIR dams but in ~81% of clodronate treated samples (Table I) confirming
increased ZIKV VTx. In positive samples from both groups, viral antigen was consistently
found in the lymphatics, the nasal turbinates (Fig. 4A, B and e, i) and in the soft tissues of
the neck in and around the submaxillary salivary gland (Fig. 4A, B and f, j). However,
clodronate treated samples typically had more widespread viral antigen throughout the body
(Fig. 4B, Table I, white signal) compared to control treated samples (Fig 4A, Table I). Two
litters in particular, XZ316-1 and XZ316-2, had pups with widespread infection throughout
the whole body (Table I). These were litters with the most pronounced visual decrease in
myeloid cell-specific ionized calcium binding adaptor 1 (Ibal) labeling in the placenta (Sup.
Fig. 2D vs. E, magenta signal in insets), particularly in the maternal decidual space (area
above the yellow line) indicating they had the largest decrease in phagocytic myeloid cells.
Thus, myeloid cells recruited to the placenta during ZIKV infection seem to protect against,
rather than contribute to, VTx of ZIKV to the fetus.

Protection against VTx of ZIKV occurs in placenta not fetus.

Myeloid cells might also suppress fetal infection by antiviral actions within the fetus.
Therefore, we analyzed myeloid cells from some of the fetuses of the same pregnancy
experiments described in Fig. 1 via the same methods. AIR fetuses had proportionally more
fetal myeloid cells overall compared to IgR controls at 11 dpi (Fig. 4A-E). This increase
was also found in the fetal neutrophil, and fetal iMO populations. However, these differences
resolved by 12 dpi indicating that this increase was a short-lived response. GFP* FACs
sorting of myeloid cells from the same infected AIR fetuses shown in Fig. 2, demonstrated
little to no detectable infectious virus in any myeloid cell group (Fig. 5F) at 11dpi. One day
later fetal iMOs consistently contained detectable levels of viral RNA, suggesting they were
either infected or attempting to clear virus (Fig. 5G). These cells may be analogous to the
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Ibal and ZIKV NS5 dual positive cells observed in control liposome treated fetuses from
infected AIR mice (Fig. 4 f, yellow arrow). However, neutrophils and other fetal myeloid
cells isolated by FACs from infected AIR fetuses rarely contained detectable viral RNA,
suggesting they played little role in either viral replication or clearance. On 12dpi, maternal
myeloid cells (GFP™) were collected so infrequently that they are unlikely to play a
significant role in protecting the fetus from ZIKV infection. Furthermore, analysis of the
same clodronate liposome treated mice from the experiments outlined in Figs. 3 and 4
showed no reduction of fetal cells (Sup. Fig. 3A), indicating that the increase in virus in the
fetus following clodronate treatment was not due to a reduction in myeloid cells in the fetus.
This was confirmed by immohistochemical labeling of umbilical cord from fetuses in Table |
(Sup. Fig. 3B, C), which consistently showed Ibal* cells present in both conditions. Thus,
the effect of myeloid cells on controlling ZIKV infection in the fetus appears to be due to
placental myeloid cells, rather than fetal myeloid cells.

Our data to this point suggests that myeloid cells in the placenta function to clear ZIKV (Fig.
2), thus inhibiting VTx (Fig. 3). However, an alternative hypothesis could be that myeloid
cells in the placenta function to maintain the placental barrier during ZIKV infection to
prevent VTx. To test this, we administered Evans Blue dye to ZIKV infected AIR dams
treated with clodronate or control liposomes and visually examined the fetuses for dye
leakage into the umbilical cord or body of the animal (Sup. Fig. 4A, B). Despite there being
a vivid blue dye coloring in the placentas of clodronate treated animals, there was no
observable dye leakage into the umbilical cord or the body of the animal in either treatment
group. Therefore, we concluded that monocyte/macrophages do not play a significant role in
maintenance of the placental barrier.

Discussion

ZIKV is a human pathogen of concern that can be vertically transmitted (VTXx) to an unborn
fetus. It is possible that innate immune cells could play a role in ZIKV VTx and
pathogenesis (33, 47). Therefore, in this study we examined the innate cellular inflammatory
response in the placenta following ZIKV infection. We found an influx of myeloid cells in
response to ZIKV infection, including infected myeloid cells. However, treatment of
pregnant ZIKV infected mice with clodronate containing liposomes resulted in enhanced
virus levels in the fetus (Fig. 3). The primary cells depleted in the placenta by clodronate
were monocyte/macrophages (Sup. Fig. 2). These were also the cells that were the most
consistently elevated in the placenta during ZIKV infection (Fig. 1) at the time of VTx (Fig
3B, C and unpublished observations), suggesting they are critical to the antiviral response in
this tissue.

Previous studies have shown that myeloid cells, in particular monocyte/macrophages and
Hofbauer cells, are susceptible to ZIKV infection (18, 33). However, it was unknown
whether these cells contribute to viral replication in the ZIKV infected placenta. Our data
showed that both maternal and fetal myeloid cells in the placenta contained some infectious
virus and viral RNA (Fig. 2). These findings suggest placental myeloid cells could be
infected with ZIKV or actively phagocytosing virus and virus infected cells to aid in viral
clearance or both simultaneously. However, viral RNA in the placenta did not significantly
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change when myeloid cells were depleted with clodronate (Fig. 3A), suggesting these cells
are not primary sites of viral replication. Furthermore, myeloid cell depletion resulted in a
significant increase in ZIKV VTx at the critical 12dpi time point indicating these cells
primarily function as a barrier to VTx (Fig. 3B, C). Thus, other placental cells may be
responsible for the high levels of virus in the placenta. These might include maternal
decidual cells, amniotic epithelial cells, fetal cytotrophoblasts and trophoblast progenitors
which have been shown to express known viral entry receptors (16, 17). Also, villous
fibroblasts have been shown to be susceptible in placental explants (18).

We found that both maternal and fetal myeloid cells in the placenta of AIR, but not IgR mice
were infected with ZIKV (Fig. 2). This is consistent with previous findings which indicate
myeloid cells are susceptible to ZIKV infection (33-35). However, myeloid cells in the
placenta of AIR mice were minimally infected at 11dpi because, at most, only ~4 infectious
centers per 1000 cells was observed in any myeloid cell type (Fig. 2A). Viral RNA was 2-3
logs higher in myeloid cells in AIR vs IgR mice one day later in the placenta (Fig. 2B).
However, this difference could be accounted for by the phagocytic function of myeloid cells,
which may phagocytose and kill viruses or viral debris rather than being directly infected.
Consistent with this idea, infectious virus titers increased slightly in the placenta as a whole
at 11 and 12 dpi when myeloid cells were depleted suggesting that the role of monocyte/
macrophages results in a net decrease in infectious virus (Fig. 3D). This has also been
demonstrated for other pathogens that can infect the placenta (48). However, the exact
mechanism by which myeloid cells control ZIKV remains unclear. ZIKV infection can shift
peripheral monocyte/macrophage activation toward a more anti-inflammatory phenotype,
which is generally more conducive to viral replication and dissemination (34, 49). We found
a similar result, where the majority of CD45*, CD11b*, F480" macrophages from the
placenta of ZIKV infected AIR mice were negative for the activation marker CD86 (Fig.
1E), which is more consistent with an anti-inflammatory phenotype in mice (50). It may be
that in the placenta, anti-inflammatory macrophages have a more robust antiviral effect than
in the periphery, although additional experimentation is required. Indeed, pregnancy-
associated anti-inflammatory macrophages have high phagocytic activity (51, 52). Thus,
enhancing the effect of placental anti-inflammatory macrophages during ZIKV pregnancy
may result in more positive outcomes.

Our findings indicate that myeloid cells likely inhibit ZIKV VTx likely through an antiviral
mechanism. However, we also investigated the possibility that myeloid cells could be
preventing VTx by stabilizing the placental barrier (Sup. Fig. 4). We did this by injecting
Evans Blue dye into ZIKV-infected control or clodronate treated pregnant AIR mice and
examined the resulting fetuses for dye leakage. Evans Blue directly binds to albumin in the
maternal blood, but albumin does not cross the placental barrier during normal pregnancy
(53). Therefore, leakage of dye into the umbilical cord or fetus would be an indication of
large-scale breakdown of the placental barrier. This experimental approach was somewhat
limited in that small amounts of Evans Blue dye leakage could have been below the limits of
detection by this assay. However, the clodronate drug itself was not able to cross the
placental barrier and deplete myeloid cells in the fetus, even at the time of ZIKV VTx (Sup.
Fig. 3). Clodronate liposomes range in size, but standard preparations (54) have particles
that overlap in size with the diameter of ZIKV (55). Therefore, both Evans Blue dye and the
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lack of myeloid cell depletion in the fetus indicate that the placental barrier likely remains
intact during ZIKV infection even during late-stage pregnancy.

In addition to myeloid cells, we did observe an increase in Ly6G* neutrophils in the placenta
at 11-12 dpi of ZIKV-infected pregnant mice compared to uninfected controls (Fig. 1J) and
these cells were positive for ZIKV RNA (Fig 2B). Neutrophils are known to produce
important antiviral factors such as cytokines and reactive oxygen species and to release
extracellular traps that capture and eliminate virions (56). However, these factors must be
tightly controlled otherwise they can lead to tissue damage (57). Consistent with this idea,
we observed that the proportion of neutrophils in the placenta fluctuated throughout disease
suggesting they may be modulated to minimize their pathogenic effect (Fig. 1J).
Furthermore, we could not determine a role for neutrophils in this study as these cells were
not depleted by clodronate (58). Thus, we did not focus on this population in these studies.
Further studies depleting these cells may indicate whether this transient population has a
positive or negative effect on ZIKV transmission to the fetus.

Here we examined myeloid responses to ZIKV infection in the placenta and fetus using a
human isolate WT strain of ZIKV. This is advantageous to a recently published model using
mouse-adapted ZIKV because the effect of the WT virus on the innate immune response is
unaltered. Generation of mouse-adapted virus involved the iterative passage of WT ZIKV
through the same RagZ~'~ mice used here resulting in a virus with three nonsynonymous
mutations that enhanced virus infection in mice (36). While the effects of these virus
mutations on the immune response in mice have not yet been investigated, because Ragl™/~
mice retain a functional innate response, the mutations are likely adaptations for evasion of
the innate immune response. Thus, interpreting myeloid cell responses to mouse adapted
ZIKV would be challenging. Furthermore, because even single nucleotide polymorphisms
can drastically alter susceptibility in mice to ZIKV (59) and also likely their immune
response, we focused on WT virus for these studies.

One of the cell types not analyzed in this study were T cells. We could not examine the role
of these cells in ZIKV VTx in our model because we are utilizing Rag1™~ mice. It is
necessary for us to use these mice because the absence of T- and B- cells along with the
application of an anti-interferon antibody is required to generate sufficient viral titers to
develop consistent VTx (45, 47). Attempts to examine ZIKV VTx in WT mice have resulted
in intrauterine growth restriction (19), inconsistent or no transmission (20, 38) or required
the use mouse adapted ZIKV strains (36, 39). The alternative would be to attempt these
studies in ZIKV infected, pregnant IFNARL ™/~ mice which have impaired innate immune
responses, including impaired monocyte/macrophage recruitment to sites of viral infection
(31) and have confounded variables during pregnancy including maternal death, weight loss
and fetal insufficiency (19, 38). Instead, we took advantage of the AIR model, where we
only transiently blocking the interferon response with an antibody which allows for
establishment of viral infection but does not completely block innate immune responses or
cellular recruitment (Fig. 1). Furthermore, we selected an inoculation time point for these
studies that correlated with late first trimester, early second trimester in human pregnancy
when teratogenic ZIKV VTx has been reported (7, 60). Collectively this approach allowed
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us to examine the role of the cellular innate immune response in a murine model that closely
resembles the effects of ZIKV infection at a critical time point during pregnancy.

Previous studies have shown cytotoxic T cells are elevated in the placenta during ZIKV
infection in primates and humans (23, 26). Furthermore, we found increased granzyme B+
CD8+ T cell responses to ZIKV infection in wildtype mice and showed that depletion of
CD8 and CD4 T cells resulted in increased disease in WT mice (45). However, preghancy
dramatically decreased CD8* T cell responses to ZIKV, with a significant reduction in Ki67,
CD11la+ CD43+ and GranzB+ T cells to near basal levels (45). Nevertheless, further studies
regarding whether these CD8+ T cells have a role in ZIKV transmission and whether CD8+
T cells are influenced by the anti-inflammatory M2-like cells identified in this study would
further clarify how immune cells in the placenta regulate vertical transmission of ZIKV.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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1
2.
3.

Key Points
Maternal myeloid cells are recruited to the placenta during ZIKV infection.
Maternal but not fetal myeloid cells inhibit vertical transmission of ZIKV.

Myeloid cells do not contribute to maintenance of the placental barrier.
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Fig. 1. Myeloid cell infiltration into placentain ZIKV infected IgR and AIR mice.
(A) Timeline schematic of experimental manipulations for the generation of ZIKV infected,

pregnant AIR mice and tissue time point collections. Flow cytometry phenotyping
experiments time points are shown in blue. FACs sorting experiment time points for
infectious center assays and RNA experiments are shown in green. The injection schedule
for myeloid cell depletions are shown in red and the dpi and what tissues were taken. (B-F)
Placental tissue was collected from IgR and AIR litters at the indicated timepoints and
analyzed via flow cytometry for markers of myeloid cell populations. Plots of all myeloid
cells (B), neutrophils (C), monocytes (iMOs) (D), CD86~ macrophages (E) and CD86"*
macrophages (N) populations as a percent of the all placenta cells from IgR (black symbols)
and AIR (gray symbols) placentas are shown for each time point during infection. Each dot
represents a total of 11-36 placentas for two to four litters from infected IgR or AIR dams
(animal number breakdown in materials and methods). Statistical significance was
determined using a two-way ANOVA with a Sidak’s multiple comparisons test. *=p<0.05,
**=p<0.01. Error bars represent standard deviation.
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Fig. 2. Maternal and fetal myeloid cellsin the placenta contain ZIKV RNA and infectious virus.
Placental immune cell enriched suspensions from 11 and 12dpi IgR and AIR GFP*

heterozygous litters were FACs sorted (Sup. Fig. 2) for myeloid cell populations. Infectious
centers at 11dpi (A) or ZIKV RNA at 12dpi (B) for each sorted population from IgR (black
symbols) or AIR (gray symbols) placentas was analyzed. Each dot represents sorted cells
from a single placenta. Infectious centers are plotted as the number of plaques per 1000
events (cells) plated. Viral RNA was plotted as the percentage of gene expression relative to
that of the Gapdh (glyceraldehyde 3-phosphate dehydrogenase) gene. The viral RNA level in
each sample was calculated as the difference in the percentage in cycle threshold (Cy): C; for
Gapdh mRNA minus C; for viral mRNA. The level of detection for the assay is indicated by

the dotted line.
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Fig. 3. Depletion of myeloid cellsaccelerates VTx of ZIKV.
Placental, fetal body and fetal brain tissues were collected from pregnant, infected AIR mice

treated with either control (Cx, black symbols) or clodronate (Cld, gray symbols) liposomes
at 11 or 12dpi as indicated. Tissues were processed for RNA (A-C) or plaque analysis (D-F)
as described in the materials and methods. ZIKV RNA from placenta (A), fetal body (B) and
fetal brain (C) was analyzed and plotted as described above (Fig. 2). A Kruskal-Wallis test
with a Dunn’s multiple comparisons test was used to determine statistical significance.
***=p<0.001, ****=p<0.0001. Plaque assay data from placenta (D), fetal body (E) and fetal
brain (F, 12dpi only) are plotted as plaque forming units per mg of tissue. To determine
statistical significance, a Kruskal-Wallis test with a Dunn’s multiple comparisons test was
run for placenta (F) and fetal body samples (E) and A Mann-Whitney U-test was run for
12dpi fetal brain. *=p<0.05.
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Fig. 4. ZIKV infection ismore prevalent and wide spread throughout clodronate treated fetuses.
Fetuses from control (A, c, d, e, f and K) or clodronate (B, g, h, i, j and L) treated litters

were immunohistologically labeled for ZIKV NS5 protein (white) indicating infection and
Ibal (magenta) indicating myeloid lineage cells. Representative 40x composite images
demonstrate the extent of ZIKV infection and myeloid distribution within the head and neck
region of fetuses from control (A) and clodronate (B) treated litters. Zoomed insets from the
brain (control c, d and clodronate g, h), olfactory epithelium (control e and clodronate i) and
submaxillary salivary gland region (control f and clodronate j) of fetuses demonstrate
representative ZIKV infection and associated myeloid cells. The yellow arrows in (f and j)
indicate Ibal*™ myeloid cells that are also positive for ZIKV NS5.
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Fig. 5. Myeloid cellsin the fetus are insufficient to protect against ZIKV infection.
From some of the same litters at the 7-12dpi time points shown in Fig. 1, myeloid cells

populations isolated from the whole fetus were analyzed using the same flow cytometry
gating strategy (Sup. Fig. 1). Plots of all fetal myeloid cells (A), neutrophils (B) and
monocytes (iMOs, C), CD86~ macrophages (D) and CD86™ macrophages (E) are shown as a
percent of that cell population within the whole fetus. A two-way ANOVA with a Sidak’s
multiple comparisons test was performed to determine statistical significance. *=p<0.05.
Error bars represent standard deviation. From the same 11 and 12dpi IgR or AIR GFP*
heterozygous litters shown in Fig. 2, Percoll enrich myeloid cells were isolated and sorted
from the whole fetus and analyzed for infectious centers (F) or ZIKV RNA (E) expression
using the same strategy. At 12dpi, too few maternal myeloid cells were obtained from either
treatment group for RNA analysis to be performed.
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Virus infection in fetus from clodronate and control-liposomes treated dams.

Table 1:

Tissue Regiona

Control liposome

Clodronate liposome

Abdominal organsc

Whole fetus 5/13 (38.5 %) 21/26 (80.8%)
Lymph node 2/13 (15.4%) 13/26 (50.0%)
Nasal turbinates 3/13 (23.1%) 15/26 (57.7%)
Choroid plexus 1/13 (7.7%) 8/26 (30.8%)
Meningies 2/13 (15.4%) 10/26 (38.5%)
Head neck 5/13 (38.5%) 14/26 (53.8%)
Brain 1/11 (9.1%) 12/23 (52.2%)
Spinal cord 0/11 5/23 (26.1%)
Muscle 0/13 4126 (15.4%)
Plural organsb 0/13 4/26 (15.4%)

0/13 5/26 (15.4%)

a'all determinations of tissue infection were determined by anatomical reference { http://www.emouseatlas.org } and did not involve
immunohistochemical phenotyping except for lymphatics which were determined by Ibal+ labeling

b’indicates if ZIKV antigen was observed in any organ within the plural cavity

indicates if ZIKV antigen was observed in any organ within the abdominal cavity
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