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Fig. 8. ISGs are induced in IFN-b-
treated villous explants. Human
midgestation (19 to 23 weeks) cho-
rionic villi were isolated, placed in
culture, and treated with 1000 U of
recombinant human IFN-B or 1000 U
of IFN-A3 for ~24 hours, and RNA was
extracted. (A) MA plots generated in R
after DeSeq2 analysis demonstrating
the differential expression between
IFN-B-treated (left) or IFN-A-treated
(middle) villi relative to mock-treated
controls and between IFN-B—and IFN-
A-treated villi (right). Data are plotted
as log; fold changes (y axis) and mean
expression (x axis). Red symbols de-
note transcripts whose expression
was differentially expressed at P <
0.05. (B) Graph demonstrating the
number of transcripts up-regulated
(in green) or down-regulated (in red)
after IFN-B or IFN-A treatment of villi.
(€) Venn diagram denoting the over-
lap of transcripts (12 in total) be-
tween villi treated with IFN-B and
those treated with IFN-A. (D) Heat
map (based on log reads per kilobase
of transcript per million mapped reads
values) of known ISGs from mock-,
IFN-B-, or IFN-A—treated villi. (E and F)
Volcano plots of villi treated with IFN-B
(E) or IFN-A (F) denoting specific ISGs
differentially expressed by treatment.
Red circles denote ISGs and purple
circles denote non-ISG transcripts. For
RNA-seq experiments, data represent
villiisolated from three independent
placental preparations.

mechanism for adverse pregnancy outcomes, such as IUGR or early
spontaneous abortions, which often occur without a known under-
lying etiology. Consistent with type I IFN being an underlying cause
of pregnancy complications, many congenital or “TORCH” (Toxo-
plasmosis, Other, Rubella, Cytomegalovirus, and Herpes) infections
have a common presentation of microcephaly, cerebral calcifications,
and IUGR (3). Beyond viral infections, our study may be relevant to
diseases in which type I IFNs are overproduced, collectively known
as interferonopathies (50). Interferonopathies may be induced by
monogenic mutations, such as those found in Aicardi-Goutiéres syn-
drome, or polygenic diseases, including systemic lupus erythemato-
sus (SLE). Fetuses with Aicardi-Goutiéres syndrome can present
with developmental defects similar to classic TORCH infection with
fetal growth restriction, microcephaly, and intracerebral calcifica-
tions (50). SLE is associated with pregnancy complications, includ-
ing fetal death in utero, preeclampsia, and preterm birth; and ele-
vated serum IFN is one of the key factors that closely correlate with
poor pregnancy outcomes (51). Our study implicates type I IFNs as a
possible common culprit for virus-associated pregnancy compli-
cations and suggests blockade of type I IFNs as a possible intervention
to prevent pregnancy complications in the settings of nonviral inter-
feronopathies.
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MATERIALS AND METHODS

Study design

To test the effect that fetal IFNAR signaling has on development after
ZIKV infection, Ifnarl™~ females were crossed to Ifnarl™’™ males to al-
low for direct comparison between littermates of different genotypes.
Fetuses and placentas were harvested at various time points after infec-
tion and appearance, histology, and transcriptional changes were ana-
lyzed. To test how human placentas were affected by IFN signaling,
midgestation chorionic villous explants were treated with IFN-f or
IFN-A, and villi were analyzed by immunofluorescent imaging or tran-
scriptional changes were analyzed. For mouse studies, analysis was per-
formed on litters containing both genotypes, and genotyping of litters
was performed after initial analysis of fetal weight and appearance. No
other formal randomization or blinding method was used. Subjects
were assigned a litter and fetus number to allow unbiased selection for
sample processing (RNA and imaging). A minimum of three infected
litters were analyzed per time point. Exact # is indicated in figure leg-
ends. No formal statistical tool was used to determine power.

Mice
Ifnarl™", Ifnar1*"~, C57BL/6, and Irf3”"Irf7"'~ mice were bred and
maintained at Yale University. All pregnant dams were between 9 and
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20 weeks of age. Littermates were randomly assigned to infected or
uninfected groups. Ifnarl*’~ male breeders are the F1 generation from
cross between C57BL/6 (B6) and Ifnarl™~ parents. Matings were timed
by checking for the presence of a vaginal plug, indicating gestational
age E0.5. About 11% of infected concepti were analyzed between E9.5
and E12.5 and 17% of uninfected concepti developed into abnormal
spheroid shapes (distinct from infection-induced resorbed fetuses),
without the presence of a fetus or yolk sac. These were excluded from
analysis because of inability to obtain adequate fetus-derived tissue for
genotyping analysis and because it was present in equal frequencies for
infected and uninfected groups. All animal procedures were performed
in compliance with Yale Institutional Animal Care and Use Committee
protocols.

Midgestation chorionic villous explants

Human fetal placental tissue from 19 to 23 weeks’ gestation that
resulted from elective terminations was obtained from the Univer-
sity of Pittsburgh Health Sciences Tissue Bank through an honest
broker system after approval from the University of Pittsburgh In-
stitutional Review Board and in accordance with the University of
Pittsburgh anatomical tissue procurement guidelines. Chorionic villi
(about 1 cm x 1 cm in size) were dissected and cultured in Dulbecco’s
modified Eagle’s medium (DMEM)/F12 (1:1) supplemented with 10%
fetal bovine serum (FBS), penicillin/streptomycin, and amphotericin
B. Immediately after isolation, isolated villi were treated with the indi-
cated dose of recombinant IFN-f or IFN-A for 24 hours, and then tis-
sue was fixed and processed for imaging. For imaging studies, villi
were fixed in 4% paraformaldehyde (PFA) followed by permeabiliza-
tion in 0.25% Triton X-100 for 30 min at room temperature with gentle
agitation, washed in phosphate-buffered saline (PBS), incubated with
primary antibody, washed again in PBS, and then incubated with Alexa
Fluor-conjugated secondary antibodies. Alexa Fluor-conjugated phal-
loidin was purchased from Invitrogen (A12379 or A12381). Rabbit
anti-CK19 (ab52625) was purchased from Abcam. After staining, villi
were mounted with VECTASHIELD (Vector Laboratories) contain-
ing 4',6-diamidino-2-phenylindole (DAPI), and images were cap-
tured using an Olympus FV1000 confocal or Zeiss LSM 710 confocal
microscope. Images were adjusted for brightness/contrast using Adobe
Photoshop (Adobe), and syncytial knot size was calculated using Imaris.

Viruses and in vivo infections
ZIKV Cambodian FSS13025 stain, obtained from the World Reference
Center for Emerging Viruses and Arboviruses at University of Texas
Medical Branch, Galveston, was used for intravaginal infection studies.
Stocks were propagated in Vero cells and titrated by plaque assay as
previously described (14). ZIKV Brazilian PE243, used for subcuta-
neous infections, was recovered from a 19-year-old female in Brazil
from 2015 (52). Vero cells were obtained from the American Type
Culture Collection. Cell lines were verified by morphology and were
tested for mycoplasma contamination every 1 to 2 years.
Intravaginal infection was performed as previously described: At
E5.5 or E8.5, a calginate swab (Fischer Scientific) was used to remove
mucus from the vaginal lumen, and 1.5 x 10° PFU of ZIKV was
inoculated into the vagina using a pipette (14). Subcutaneous infec-
tion was performed by injecting 100 pl of virus stock diluted in PBS
(3.4 x 10° or 1 x 10° PFU) into the footpad. Pregnant mice were eu-
thanized, tissues were harvested at indicated time points, and fetuses
and placentas were either collected in TRIzol (for RNA extraction),
fixed in 4% PFA (for imaging), or collected in DMEM with 10% FBS
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and penicillin/streptomycin (for plaque assay). Fixed fetuses were
imaged using a Zeiss Discovery V8 stereomicroscope (Zeiss). Yolk sac
for E9.5 to E12.5 or tail for E17.5 fetuses was collected for each fetus
and genotyped using the following primers: ATTATTAAAAGAA-
AAGACGAGGCGAAGTGG (forward) and AAGATGTGCTGTTC-
CCTTCCTCTGCTCTGA (reverse), with a 150-base pair product,
indicating the presence of a WT copy of IFNAR.

Poly(l:C) challenge

Two hundred micrograms of HMW VacciGrade Poly(I:C) (InvivoGen)
was injected intraperitoneally into pregnant mice at E7.5. Mice were
then harvested between E9.5 and E12.5 to examine fetuses.

Quantification of ZIKV genome, ISGs, and hypoxia response
genes by qRT-PCR

Tissues were extracted using TRIzol (Thermo Fischer Scientific) and
purified using an RNeasy Mini Kit (Qiagen). iScript cDNA synthesis
kit (Bio-Rad) was used to synthesize cDONA. Quantitative polymerase
chain reaction (QPCR), which was performed using SYBR green (Bio-
Rad), was used to quantify ZIKV levels, ISGs, and hypoxia response
genes and ran on a CFX Connect instrument (Bio-Rad). Primer se-
quences are provided in table S1. Virus and ISGs were normalized to
Hprt (14).

Histology, immunofluorescence, and immunohistochemistry
staining of mouse placentas

Placentas were fixed in 4% PFA overnight at 4°C. For immunohisto-
chemical (IHC) and hematoxylin and eosin (H&E) staining, tissues
were embedded in paraffin blocks and sectioned by the Yale Pathology
Tissue Services. H&E was performed by the Yale Pathology Tissue Ser-
vices. For IHC, paraffin sections were heated for 30 min at 55° to 60°C.
Antigen retrieval was performed by boiling in sodium citrate (J.T. Baker)
(pH 6.0) for 60 min. Blocking was performed using PBS (AmericanBio),
1% bovine serum albumin (BSA) (Sigma-Aldrich), and 0.5% Tween
20 (Sigma-Aldrich) adjusted to pH 7.4. Slides were stained for CD31
(goat, 1:1000, R&D AF3628), Casp3 (rabbit, 1:1000, Cell Signaling
Tech 9664T), Ecad (1:500, Thermo Fischer Scientific 13-1900), and
Ki67 (rabbit 1:1000, Cell Signaling Tech 12202T) at 4°C overnight.
Slides were blocked with Bloxall (Vector Laboratories) and stained with
rat (for Ecad), rabbit (for Casp3, Ki67), or goat (for CD31) ImmPRESS
antibodies (Vector Laboratories) and 3,3’-diaminobenzidine (DAB)
(Vector Laboratories) per the manufacturer’s instructions. For im-
munofluorescence staining, slides were embedded in optimal cutting
temperature media (Tissue Tek). Five- to seven-micrometer frozen
sections were cut using a cryostat, and sections were allowed to dry at
room temperature. Sections were blocked with 2% normal Donkey
serum (Jackson ImmunoResearch) in PBS with Tween 20 and 1% BSA
(Sigma-Aldrich) and stained with ZIKV-immune rat serum (53), CD45
(R&D Systems AF114), CK (Dako Z0622), or CD31 (R&D Systems
AF3628) overnight at room temperature. Sections were then stained
with A488 anti-rat secondary (Thermo Fischer), A647 anti-rabbit
(Thermo Fischer), Cy3 anti-rabbit (Jackson ImmunoResearch), A488
anti-goat (Thermo Fischer), or NL557 anti-goat (R&D Systems). Sam-
ples were stained with DAPI and mounted with ProLong Diamond
Antifade Mountant (Molecular Probes). H&E and IHC images were
captured using light microscopy (BX51; Olympus), and immunofluo-
rescence images were captured using fluorescence microscopy (BX51;
Olympus) or confocal microscopy (TCS SP2; Leica). Images were
merged and brightness and contrast were adjusted using Image].
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Transmission electron microscopy of mouse placentas
Placentas were fixed in formaldehyde/glutaraldehyde 2.5% in phos-
phate buffer for at least 24 hours. Samples were washed and second-
arily fixed in osmium tetroxide; negative staining was performed with
uranyl acetate, treated in ascending alcohols, and finally embedded
in Durcupan ACM (EMS 14040). Ultrathin sections (70 nM) were cut
on a Leica ultramicrotome, collected on Formvar-coated grids, and an-
alyzed on a Tecnai 12 FEI electron microscope.

RNA-seq and qRT-PCR analysis of midgestation chorionic
villous explants

RNA was isolated from the villous explants using GenElute RNA total
RNA miniprep kit (Sigma-Aldrich) and treated with deoxyribonucle-
ase (Sigma-Aldrich). For RNA-seq, as previously described (28, 54),
libraries were prepared using New England Biolabs Ultra Library
Preparation kit. An Illumina HiSeq2500 was used for sequencing, and
CLC Genomics Workbench 9.0 (Qiagen) was used to process, normal-
ize, and map sequence data to the human reference genome (hg19).
DESeq2 in R (55) or CLC Genomics Workbench 9 was used to identify
differentially expressed genes and to generate MA plots.

Statistical analysis

In all analyses except for RNA-seq, data analysis was performed using
Microsoft Excel and GraphPad Prism. Exact statistical test and value
of n are detailed in the figure legends. A Tukey’s multiple comparison
test or Dunnett’s multiple comparison test was used to determine sig-
nificance when determining significance between multiple groups (>3).
A paired Student’s ¢ test was used when comparing only two groups.
t tests assumed a normal distribution for all samples and ¢ tests as-
sume an unequal standard deviation and variance between groups.

SUPPLEMENTARY MATERIALS
immunology.sciencemag.org/cgi/content/full/3/19/eaao1680/DC1
Methods

Fig. S1.1SG expression is elevated in Ifnar
ZIKV infection.

Fig. S2. Ifnar1™~ placentas harbor more infectious ZIKV compared with Ifnar1*/~ littermates.
Fig. S3. Global gene expression analysis reveals elevated ISG levels in infected Ifnar1*~
placentas.

Fig. S4. ZIKV infection of the maternal-fetal interface is restricted to the decidua.

Fig. S5. Placental architecture of Ifnar1*/~ fetuses is normal at E9.5 but disrupted at E11.5 and
E12.5.

Fig. S6. Labyrinth of Ifnar1*/~ placenta exhibits decreased fetal endothelial cells.

Fig. S7. Ifnar1*'~ but not Ifnar1™'~ fetuses are resorbed after subcutaneous infection with
Brazilian ZIKV.

Table S1. Primers for mouse gPCR

Table 52. Top differentially regulated genes and pathways in ZIKV-infected Ifnar1*/~ versus
Ifnar1™~ placentas.

Table S3. Individual values included in all graphs
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The interferon boomerang
Interferon-a/B receptor (IFNAR) —deficient mice are highly susceptible to viruses, including Zika virus (ZIKV).

Previous studies m;)deled ZIKV infection during pregnancy in mice by crossing Ifnarl™™ females to wild-type males,
~ fetuses that retain type | interferon (IFN) responsiveness. \/ockey et al. have directly examined the
~I= females to Iinar1*’~ males. Although

generating Ifnarl®
role of fetal type | IFN signaling in protection in this context, by crossing Ifnarl
Ifnarl ™~ fetuses had higher ZIKV titers as compared with Ifnar1*/~ fetuses, Ifnarl™~ fetyses survived longer.
Furthermore, they found that activation of type I IFN signaling in the placentas of Ifnar1*/~

demise, and resorption. Beyond ZIKV infection, the study calls for closer examination of the role of IFNs in
pregnancy-associated complications.
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