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SUMMARY

Although Zika virus (ZIKV)-induced congenital dis-
ease occurs more frequently during early stages
of pregnancy, its basis remains undefined. Using
established type I interferon (IFN)-deficient mouse
models of ZIKV transmission in utero, we found
that the placenta and fetus were more susceptible
to ZIKV infection at earlier gestational stages.
Whereas ZIKV infection at embryonic day 6 (E6)
resulted in placental insufficiency and fetal demise,
infections at midstage (E9) resulted in reduced
cranial dimensions, and infection later in preg-
nancy (E12) caused no apparent fetal disease. In
addition, we found that fetuses lacking type III
IFN-l signaling had increased ZIKV replication
in the placenta and fetus when infected at E12,
and reciprocally, treatment of pregnant mice with
IFN-l2 reduced ZIKV infection. IFN-l treatment
analogously diminished ZIKV infection in human
midgestation fetal- and maternal-derived tissue ex-
plants. Our data establish a model of gestational
stage dependence of ZIKV pathogenesis and
IFN-l-mediated immunity at the maternal-fetal
interface.

INTRODUCTION

Zika virus (ZIKV) is an emerging mosquito-transmitted flavivi-

rus that is responsible for ongoing epidemics in the Western

Hemisphere of severe disease in developing fetuses and

immunocompromised adults (Lazear and Diamond, 2016).

Although ZIKV in the Americas initially was recognized due

to an increased incidence of congenital microcephaly in north-

east Brazil, further analysis has broadened the spectrum of

ZIKV disease. Most symptomatic adults infected with ZIKV
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experience a self-limiting influenza-like illness consisting of fe-

ver, myalgia, arthralgia, conjunctivitis, and rash. However, a

minority develop more serious clinical syndromes, including

Guillain-Barré syndrome (GBS) and potentially fatal encephali-

tis (Cao-Lormeau et al., 2016). ZIKV infection in pregnancy

is particularly concerning because of its capacity for trans-

placental transmission to the fetus. Recent studies suggest

that �40% of symptomatic ZIKV infections during pregnancy

results in abnormal gestational development, manifesting

as congenital malformations, including microcephaly, ocular

anomalies, and postnatal neurodevelopmental deficits (Brasil

et al., 2016).

Observational data from human studies suggest that ZIKV-

associated congenital microcephaly is most common when

pregnant women are infected during the first and early second

trimesters (Honein et al., 2017). This likely reflects the greater

vulnerability of the fetal brain to infection and injury during these

early stages of development (Coyne and Lazear, 2016). Beyond

this, the placenta, which serves as a physical and immunological

barrier, changes dramatically during gestation, particularly be-

tween the early (first trimester) and later (second and third

trimester) stages of human pregnancy when the intervillous

space becomes filled with maternal blood and the placental villi

have fully developed (Arora et al., 2017). Isolated human fetal-

derived chorionic villi or trophoblast cells obtained later during

gestation support less ZIKV infection compared to many

non-placental cell types, which likely reflects stage-dependent

effects of trophoblast differentiation (Bayer et al., 2016; Corry

et al., 2017; Sheridan et al., 2017; Weisblum et al., 2017). The

reduced susceptibility to ZIKV infection at later stages of gesta-

tion could result from distinct innate immune profiles, including

production of type III interferon (IFN)-l (Bayer et al., 2016) or dif-

ferential expression of putative entry receptors (Tabata et al.,

2016). With increasing evidence suggesting that gestational

age modulates fetal outcomes in the context of ZIKV infection

of humans during pregnancy, there is a need to define the

underlying mechanisms of stage-dependent susceptibility and

disease. Although several mouse models of ZIKV infection and

disease in pregnancy have been described (Cugola et al.,
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2016; Li et al., 2016; Miner et al., 2016; Yockey et al., 2016), only

one reported isolated fetal microcephaly (Li et al., 2016), and it

required direct injection of ZIKV into the fetal brain.

Here, we performed longitudinal infection experiments in

pregnant dams with genetic or acquired deficiencies of type I

IFN. Whereas the maternal tissues were equally susceptible to

ZIKV infection at different gestational time points (embryonic

day 6 [E6], E9, or E12), the placenta and fetus were more vulner-

able to infection at E6 compared to later stages. We observed a

relationship between gestational age, ZIKV infection, and fetal

outcome: infection at E6 resulted in placental insufficiency and

fetal demise at E11; infection at E9 resulted in placental and fetal

morphologic abnormalities at E15 consistent with isolated

microcephaly; and infection at E12 resulted in viable-appearing,

normal-sized fetuses at E17 even though viral RNAwas detected

in fetal heads. In support of a proposed role for IFN-l in restrict-

ing ZIKV infection in pregnancy, we show that Ifnlr1�/� dams and

fetuses lacking a functional IFN-l receptor were more suscepti-

ble to ZIKV infection, especially at later gestational stages that

follow complete placentation at E10. Consistent with this obser-

vation, treatment of pregnant dams with pegylated IFN-l2

decreased ZIKV replication at late, but not early, gestational

time points. Moreover, explanted human midgestation decidual

and placental tissues, including chorionic villi and fetal mem-

branes, responded to exogenous IFN-l treatment, which in-

hibited ZIKV infection. Our experiments establish amodel of fetal

microcephaly in the context of trans-placental transmission in

mice, suggest that gestational age and the state of placentation

influence the levels and outcome of fetal ZIKV infection, and

show that restriction of ZIKV infection and transmission is at least

partially modulated by the actions of IFN-l at the maternal-fetal

interface.

RESULTS

ZIKV Replication in the Placenta Is Greatest during
Early Gestation
We recently established a trans-placental transmission model of

fetal infection with ZIKV in mice deficient in type I IFN signaling

(Miner et al., 2016). A deficiency of type I IFN signaling in the

damwas required to allow sufficient viremia to seed thematernal

decidua and fetal placenta after subcutaneous inoculation. To

begin to assess how the timing of ZIKV infection affects patho-

genesis at the maternal-fetal interface, we inoculated wild-type

(WT) C57BL/6 pregnant dams with a Brazilian ZIKV strain

(Paraı́ba 2015) at E6, E9, or E12 after pre-treatment with a

type I IFN receptor (Ifnar1) blocking antibody (2mg, administered

at day�1 relative to infection) and measured viral infection in the

placenta 5or 7days later (Figure 1A); for reference,C57BL/6mice

have a gestation period of�19.3 days (Murray et al., 2010). ZIKV

replicated to higher titers at 5 days post-infection (98-fold,

p < 0.005) in placentas from dams infected at E6 compared to

those infected at E9; infection at E12 resulted in similar placental

viral burden when compared to E9. Even when infected at E12,

high levels of ZIKV RNAwere present in themajority of placentas

1week later (E19), which corresponds to term inmice; however, a

subset (21%, 6 of 29) of placentas from E12-infected dams had

ZIKV RNA levels at or below the limit of detection and did not

appear to become infected (Figure 1A, right panel).
To corroborate these findings, we used a second established

model of ZIKV-induced maternal-fetal disease in which Ifnar1�/�

dams were mated with WT sires so that fetal-derived placentas

were heterozygous for Ifnar1 expression (Miner et al., 2016).

Pregnant Ifnar1�/� dams were inoculated with ZIKV at E6, E9,

or E12, and placentas were analyzed 5 days later, at E11, E14,

and E17, respectively (Figure 1B). Ifnar1+/� placentas also

sustained higher levels of ZIKV replication when dams were in-

fected at E6 compared to E9 or E12 (10-fold for E6 versus E9,

p < 0.0001; 65-fold for E6 versus E12, p < 0.0001). These findings

suggest that although the gestational stage of the fetus impacts

the extent of ZIKV replication in the placenta, with highest levels

observed at earlier stages, vertical transmission and sustained

ZIKV replication in the placenta can occur throughout preg-

nancy. Additionally, the integrity of the type I IFN signaling

pathway in the mother does not appear to be a key determinant

of this time-dependent phenotype.

Because differential infection of the placenta at different

gestational times could reflect variation in maternal infection,

we assessed the levels of ZIKV in tissues of the pregnant dams

5 days after infection using the Ifnar1�/� pregnancy model.

Maternal viremia or tissue viral burden in the spleen and brain

was not substantially different 5 days after inoculation at E6,

E9, or E12 (Figure S1A). Similarly, there were no consistent

differences in maternal viral burden at 5 or 7 days post-infection

at E6, E9, or E12 in anti-Ifnar1-treated, WT dams (Figure S1B).

Together, these data suggest that gestation stage-dependent

factors in the maternal decidua and/or fetal-derived placenta

are responsible for the observed virological phenotypes rather

than differences in systemic infection of the pregnant dam.

ZIKV Replication in the Fetus Declines with Advancing
Gestational Age
Wenext assessedwhether the higher levels of ZIKV replication in

placentas observed earlier in gestation correlated with infection

trends in the fetus. Fetal ZIKV infection was assessed 5 or 7 days

after inoculation of Ifnar1-blocking, antibody-treated WT preg-

nant dams at E6, E9, or E12. Due to the small size of the fetus

at E11, ZIKV RNA from whole fetuses were quantified for this

time point, whereas for the remaining time points, fetal heads

were dissected for viral RNA extraction and quantification.

Consistent with the placental data, ZIKV RNA levels were higher

after inoculation at pre-placentation (E6) versus post-placenta-

tion (E12) time points when assayed at 5 (�3,000-fold, p <

0.0001) or 7 days (250-fold higher, p < 0.0001) after infection

(Figure 1C). Infection at E9 resulted in intermediate levels of viral

infection at both time points. When the corresponding experi-

ment was performed in Ifnar1�/� pregnant dams mated to WT

sires, the clinical phenotype was more pronounced; ZIKV inocu-

lation at E6 uniformly resulted in fetal demise (Figure 1D), as seen

previously (Miner et al., 2016; Yockey et al., 2016). A reduced

frequency of fetal demise was observed when ZIKV inoculation

was performed at E9 (p < 0.0001), and no additional fetal demise

occurred with inoculation at E12 beyond that seen in WT unin-

fected mice. Although viral quantification could not be per-

formed after infection at E6 due to fetal resorption, ZIKV RNA

levels in the fetal head 5 days after inoculation at E9 were slightly

higher (2-fold, p < 0.05) than corresponding ones from E12

inoculated dams (Figure 1E). Thus, in mice, earlier gestational
Cell Host & Microbe 22, 366–376, September 13, 2017 367



Figure 1. Time Course of Placental and Fetal Susceptibility to ZIKV Infection

(A and C) WT C57BL/6J pregnant dams were treated with 2 mg anti-Ifnar1-blocking antibody (MAR1-5A3) on the day prior to infection and then subcutaneously

inoculated on E6, E9, or E12 with 103 FFU of ZIKV-Brazil. ZIKV replication in placenta (A) and whole fetuses (C) (E6, 5 days post-infection [dpi]) or fetal heads (all

other time points) was quantified by qRT-PCR 5 or 7 days after infection.

(B and E) Ifnar1�/� dams were mated withWT sires and inoculated with ZIKV-Brazil on E6, E9, or E12. Tissues (B, placenta; E, fetal head) were harvested 5 dpi for

viral quantification by qRT-PCR.

p values in (A)–(C) were calculated by Kruskal-Wallis test with Dunn’s multiple comparisons test: *p < 0.05; **p > 0.01; ***p > 0.001; ****p < 0.0001. Statistical

significance in (E) was determined by an unpaired two-tailed Student’s t test: *p < 0.05. Dots indicate data from individual fetuses or placentas, and bars and

dashed lines indicate median values and limits of detection, respectively.

(D) Ifnar1+/� fetal viability at the time of harvest was assessed 5 dpi at the time points shown (0% for E6–E11, 90% for E9–E14, and 96% for E12–E17, p < 0.0001

by the chi-square test; n = 44 fetuses for E6–E11, n = 70 for E9–E14, and n = 68 for E12–E17). Data in this figure are pooled from at least three independent

experiments.

See also Figure S1.
age at the time of ZIKV infection results in higher levels of viral

replication in the placenta (Figures 1A and 1B), which facilitates

more viral replication in the fetus and severe clinical outcomes.

Ultrasound Analysis of ZIKV-Infected Pregnant Dams
Reveals Gestational Age-Dependent Placental and Fetal
Pathology
Several fetal and neonatal pathological sequelae of ZIKV infec-

tion have been reported in humans, including microcephaly,

intrauterine growth retardation, defects in neuronal development

of hearing and vision, and cerebral cortical thinning (de Paula

Freitas et al., 2016; Driggers et al., 2016; Honein et al., 2017;

Leal et al., 2016;Martines et al., 2016). To gain insight into the ba-

sis for these phenotypes, we examined Ifnar1+/� fetuses by ultra-
368 Cell Host & Microbe 22, 366–376, September 13, 2017
sound analysis after Ifnar1�/� pregnant dams were inoculated

with ZIKV-Brazil at E6, E9, or E12, in comparison to mock

(PBS)-infected dams (Figure 2; Movies S1 and S2). This diag-

nostic modality allows for a detailed characterization of the

maternal-fetal interface and permits accurate measurements of

fetal and placental sizes in situ (Mu et al., 2008).

Ultrasound images were captured and feto-placental dimen-

sions recorded from multiple Ifnar1+/� fetuses in ZIKV- and

mock-infected Ifnar1�/� pregnant dams (Figure 2). As noted pre-

viously (Miner et al., 2016), infection at E6 in this model resulted

in universal fetal demise by E11. In contrast, fetuses from dams

inoculated at E9 and interrogated at E15 were viable, but

exhibited impaired head growth as measured by diminished

head circumference (0.9 mm reduction, p < 0.0001), bi-parietal



Figure 2. Ultrasound Assessment of Fetuses from Mock- and ZIKV-Infected Pregnant Mice

(A and B) Ifnar1�/� dams were mated with WT sires and then inoculated with PBS (row A) or 103 FFU of ZIKV-Brazil (row B) on E9. Representative

ultrasound images taken on E15 including midsagittal sections (left panels), transverse sections at the level of the lateral ventricles with teal-colored outline

of head circumference (middle panels), and placental sections at insertion of the umbilical cord with teal-colored outline showing placental thickness (right

panels).

(C–M) Ifnar1�/� dams mated to WT sires and inoculated with ZIKV-Brazil or PBS (mock-infected) at E9 or E12 were evaluated by ultrasound on E15 or E17,

respectively. The following measurements were taken: (C) head circumference; (D) biparietal head diameter; (E) crown-rump length; (F) APD, anteroposterior

abdominal diameter; (G) ATD, abdominal transverse diameter; (H) AC, abdominal circumference; (I) embryonic heart rate; (J) placental thickness; (K) placental

(legend continued on next page)
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diameter (0.15 mm reduction, p < 0.05), and crown-rump length

(0.61 mm reduction, p < 0.01; Figures 2C–2E) as compared to

mock-infected controls. However, abdominal measurements in

Ifnar1+/� fetuses inoculated with ZIKV at E9 and measured at

E15 were unaffected; these included the anteroposterior

abdominal diameter (APD), abdominal transverse diameter

(ATD), and abdominal circumference (AC) (Figures 2F–2H). Em-

bryonic heart rate similarly was not affected by ZIKV infection

at this time point (Figure 2I). In contrast, placental thickness

and length were reduced (by 0.6 and 1.3 mm, respectively; p <

0.0001) in fetuses from dams inoculated with ZIKV at E9 and

evaluated at E15 compared to mock-infected animals; placental

diameter, however, was unaffected (Figures 2J–2L). Consistent

with the observed placental abnormalities, peak flow velocity

in chorionic villus arterioles, a surrogate marker for placental

blood flow, was slightly reduced in dams infected with ZIKV at

E9 as compared to mock-infected dams (Figure 2M); this pheno-

type could be due to damage to the placental vasculature

caused by ZIKV infection (Miner et al., 2016). In comparison,

none of these ultrasound-measured differences were apparent

in fetuses or placentas from Ifnar1�/� dams inoculated at E12

and measured at E17 compared to gestational age-matched,

mock-infected animals. These ultrasound findings support the

virological analysis showing decreasing susceptibility of the

placenta and fetus to ZIKV replication with infection occurring

at advanced gestational age. Moreover, these data establish

divergent disease phenotypes (fetal demise, fetal microcephaly,

and no apparent disease) depending on the stage of gestation at

which the pregnant dam is infected.

IFN-l Contributes to an Antiviral State following
Placentation in Mice
IFN-l has been implicated in the protection of the human

placenta from ZIKV infection through its constitutive release

from full-term human trophoblasts (Bayer et al., 2016). In addi-

tion, maternal decidua isolated from early and midgestation

human pregnancy induce IFN- l in response to ZIKV infection

(Weisblum et al., 2017). Given these studies, we examined the

contribution of IFN-l to ZIKV protection in pregnant mice. We

mated mice genetically deficient in one (Ifnlr1) of the subunits

of the IFN-l receptor (Ifnlr1�/� \ 3 Ifnlr1�/� _) and inoculated

pregnant dams on E12 with ZIKV-Brazil, 1 day after treatment

with Ifnar1-blocking antibody. Placental and fetal tissues were

harvested 5 days later (E17) for viral RNA quantification. ZIKV

infection was greater in Ifnlr1�/� placentas (�15-fold, p <

0.0001) and fetal heads (14-fold, p < 0.0001) than in control

WT mice (Figure 3A). In contrast, when Ifnlr1�/� females were

mated with WT males (decidua is Ifnlr1�/�, but placenta and

fetus are Ifnlr1+/�), ZIKV replication was not different than in

WT placentas and fetal heads (Figure 3B); these data suggest

that feto-placental unit has to be fully deficient in IFN-l signaling

to be affected. Of note, we observed an increase in the amount

of ZIKV circulating inmaternal serum in Ifnlr1�/�3 Ifnlr1�/� preg-

nant dams at E17 (14-fold, p < 0.05) (Figure 3C), whereas
length; (L) placental diameter; and (M) placental blood flow. p values were determi

median values. Data are pooled from independent experiments with placentas an

two mock-infected and three ZIKV-infected dams at E12–E17.

See also Movie S1 and S2.
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viral RNA levels in maternal serum from Ifnlr1�/� 3 WT matings

at the same time point were not different from WT mice

(p > 0.8). This suggests that the increase in viremia observed

in Ifnlr1�/� 3 Ifnlr1�/� dams is not due to the loss of IFN-l

signaling within maternal tissues, but rather may reflect reverse

spread of virus from the more susceptible placenta, as has

been postulated to explain persistent maternal viremia in hu-

mans (Suy et al., 2016). In comparison, there were no differences

in ZIKV burden in the maternal spleen and brain derived from

Ifnlr1�/� 3 Ifnlr1�/�, Ifnlr1�/� 3 WT, and WT 3 WT matings at

E12–E17 (Figure 3C).

To corroborate these findings, we evaluated whether systemic

administration of exogenous IFN-l could inhibit ZIKV infection in

the placenta. WT female and male mice were mated, and Ifnar1-

blocking antibody was administered on E11 followed by ZIKV

inoculation on E12. Pegylated mouse IFN-l2 (pegIFN-l2) or

PBS was administered intravenously at the time of virus inocula-

tion and at days +2 and +4, with tissue harvests occurring 5 days

after infection. Treatment with pegIFN-l2 reduced ZIKV infection

in the placenta (2,500-fold median reduction, p < 0.0001) and

fetal head (20-fold median reduction, p < 0.05) (Figure 3D),

even though viral RNA levels in maternal tissues were not appre-

ciably altered (Figure 3E, right panel). Given our findings showing

gestational stage as a key determinant of ZIKV replication in fetal

and placental tissues, we hypothesized that IFN-l might

contribute to ZIKV restriction in a stage-dependent manner. To

assess this, anti-Ifnar1-treated WT pregnant dams were inocu-

lated with ZIKV and treated with pegIFN-l2 at E6, followed by

harvest at E11. In this case, pegIFN-l2 treatment at E6 did not

reduce ZIKV infection in the placenta or fetal head (Figure 3F),

nor did it influence ZIKV replication inmaternal tissues (Figure 3E,

left panel). As placentation in mice is completed at �E10.5 (Mu

et al., 2008), the lack of antiviral effect of pegIFN-l2when admin-

istered beginning at E6 likely reflects an incompletely formed

placental barrier and lower expression of IFN-responsive genes,

as observed in human trophoblasts derived from the earliest

stages of human pregnancy (Sheridan et al., 2017).

IFN-l Restricts ZIKV Replication in the Junctional Zone
of the Placenta and the Maternal Decidua
To further define the antiviral properties of IFN-l on ZIKV at a late

gestational stage, the placentas from anti-Ifnar1 mAb-treated

Ifnlr1�/� 3 Ifnlr1�/�, Ifnlr1�/� 3 WT, and WT 3 WT dams inocu-

lated at E12 and harvested at E17 were analyzed by in situ

hybridization for ZIKV RNA (Figure 4). Consistent with previous

studies, isolated, scattered ZIKV RNA-positive cells were

observed in anti-Ifnar1 mAb-treated WT 3 WT placentas, pre-

dominantly localizing to the junctional zone. A similar pattern

was observed in the placentas from Ifnlr1�/� 3 WT dams,

although in two specimens, slightly higher levels of decidual

and junctional zone staining were seen (Figure S2). These results

contrasted with the placentas from Ifnlr1�/� 3 Ifnlr1�/� dams,

which exhibited more extensive ZIKV RNA staining, both in the

maternal decidua and especially in the junctional zone of the
ned using a one-way ANOVA: *p < 0.05; **p < 0.01; ****p < 0.0001. Bars indicate

d fetuses from two mock-infected and four ZIKV-infected dams at E9–E15 and



Figure 3. ZIKV Replication in Ifnlr1–/– and IFN-l-Treated Mice

(A–C) WT or Ifnlr1�/� female C57BL6J mice were mated with WT or Ifnlr1�/� male C57BL6J mice as indicated, treated with anti-Ifnar1-blocking antibody

at E11, and inoculated subcutaneously with 103 FFU of ZIKV-Brazil on E12. Fetal (A and B), placental (A and B), and maternal tissues (C) were collected

5 days later and virus quantified by qRT-PCR. ****p < 0.0001 by the Mann-Whitney test (A); *p < 0.05 by Kruskal-Wallis test with Dunn’s multiple com-

parisons (C).

(D–F) WT C57BL/6J mice were mated, treated with anti-Ifnar1-blocking antibody on the day before inoculation with ZIKV-Brazil (E6 [E and F] or E12 [D and E] as

indicated), and treated with PBS or pegIFNl-2 at the time of infection and every 48 hr thereafter. Fetal (D and F), placental (D and F), andmaternal tissues (E) were

harvested 5 days after infection and virus quantified by qRT-PCR. *p < 0.05; ****p < 0.0001 by the Mann-Whitney test (D). Bars and dashed lines indicate median

values and limits of detection, respectively. Data in this figure are pooled from three independent experiments.
placenta. Indeed, in many placentas from Ifnlr1�/� 3 Ifnlr1�/�

dams, ZIKV RNA was present in a contiguous band across the

junctional zone, from the decidua to the labyrinth (Figure 4A).

This pattern of ZIKV infection was never seen in any of the

placentas from Ifnlr1�/� 3 WT or WT 3 WT dams. When the

degree of ZIKV RNA staining was assessed using semi-

quantitative scoring strategy (STAR Methods), placentas from

Ifnlr1�/� 3 Ifnlr1�/� dams exhibited greater ZIKV RNA staining

in the decidua (p < 0.001) and junctional zone (p < 0.05)

compared to the others, whereas those from Ifnlr1�/� 3 WT

dams did not differ significantly fromWT3WT dams (Figure 4B).

At E17, little ZIKV RNA was detected in the labyrinth zone of the

placenta in any of the genotypes tested, as judged by in situ

hybridization.

IFN-l Inhibits ZIKV Infection in Midgestation Explanted
Human Maternal and Fetal Tissue
To establish the relevance of our findings, we evaluated the sig-

nificance of IFN-l signaling on ZIKV infection in explant models

of maternal and fetal tissues derived from discarded, healthy

second trimester human samples. We isolated chorionic villi,
fetal amniotic and chorionic membranes, and maternal decidua

basalis from midgestation human pregnancies (�19–23 weeks)

(scheme, Figure 5A). Isolated chorionic villi retain the mor-

phology of human placental villi in vivo, including a continuous

syncytiotrophoblast layer covering the villi surfaces that express

epithelial-specific cytokeratin-19 (Figure 5B, left panel). The fetal

membrane is a multilayered avascular tissue composed of cyto-

keratin-19+ trophoblasts and cytokeratin-19� fibroblasts and

mesenchymal cells (Figure 5B, middle panel). The maternal

decidua basalis was confirmed by the staining for presence of

HLA-G+ extravillous trophoblasts (EVTs), which invade the

decidua from the anchoring villi (Figure 5B, right panel). We

also confirmed the expression of tissue type-specific markers:

human placental lactogen, which is expressed exclusively in

the syncytiotrophoblast layer, was abundant in isolated chori-

onic villi, and the decidua-associated transcripts prolactin

and IGFBP1 were expressed in isolated decidua, but not

appreciably in villi or fetal membranes (Figure S3). Isolated

second trimester chorionic villi, fetal membranes, and decidua

responded to treatment with recombinant IFN-l, as judged

by induction of the IFN-stimulated genes OAS1 or IFI44L
Cell Host & Microbe 22, 366–376, September 13, 2017 371



Figure 4. In Situ Hybridization of Placentas

from ZIKV-Infected WT and Ifnlr1–/– Mice

(A) Representative in situ hybridization staining.

Top panels: in situ hybridization staining with

negative (bacterial gene dapB) and positive

(mouse Ppib gene) probe controls. Middle panels:

images showing ZIKV RNA localization in

placental and decidual tissues from dams after

matings (dam and sire genotypes are listed in

order). Low- and high-power images are pre-

sented in vertical sequence. In low-power im-

ages, solid black lines outline the boundary

between maternal decidua and fetal placenta.

Images of decidua and placenta within the red

and blue frames (top boxes) are shown at higher

magnification (two lower boxes). The images are

representative of several sections from indepen-

dent experiments.

(B) Grading of in situ hybridization staining in-

tensity. In situ hybridization staining intensities

were assessed in a blinded manner on a scale of

0 to 4, and data analyzed by Kruskal-Wallis with

Dunn’s post-test: *p < 0.05; ***p < 0.001.

See also Figure S2.
(Figures 5C and S4). Notably, treatment of the decidua and

fetal membranes with IFN-l1 and IFN-l3 (100 ng/mL) inhibited

ZIKV infection in a manner comparable to recombinant type I

IFN-b treatment (100 ng/mL) (Figure 5D). IFN-l also appeared

to inhibit ZIKV infection in the chorionic villi, although only two

preparations (of seven total) supported detectable replication.

Overall, these data support the hypothesis that IFN-l exerts anti-

viral effects against ZIKV in human tissues and cell types at the

maternal-fetal interface that are relevant to vertical transmission.
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DISCUSSION

Our experiments defined the effect of

gestational stage on fetal outcome of

ZIKV infection in pregnant mice, demon-

strated the utility of ultrasound analysis in

measuring impacts on placental and fetal

development in mice, and established an

important role for IFN-l signaling in the

control of ZIKV infection in utero. In the

background of a deficiency of type I IFN

signaling, which was required to allow

dissemination to the placenta (Miner

et al., 2016; Yockey et al., 2016), ZIKV

infection at an early stage (E6) resulted in

fetal demise, infection at mid-stages of

development (E9) caused placental ab-

normalities and smaller cranial dimen-

sions, and infection at a later stage (E12)

resulted in no gross anatomic abnormal-

ities compared to mock-infected animals.

This pathological progression was

mirrored by the virological analysis, which

showed higher viral burdens in the

placenta and fetus at early time points.

Our results are consistent with observa-
tional studies in ZIKV-infected pregnant women, in which most

(Honein et al., 2017; Kleber de Oliveira et al., 2016; Shapiro-Men-

doza et al., 2017), but not all (Brasil et al., 2016), reports have

shown a greater risk of fetal anomalies when infection occurs

in the first or early second trimester. These finding also are

consistent with data from other TORCH pathogens (e.g., toxo-

plasma, rubella, cytomegalovirus, and herpes simplex virus),

where the risk of severe congenital malformations and fetal

demise is greatest in early stages of human pregnancy (Arora



Figure 5. IFN-l Protects Human Midgestation Maternal and Fetal Explant Tissues from ZIKV Infection

(A) Schematic of the intrauterine compartment during human pregnancy denoting chorionic villi, fetal membranes (amnion and chorion), and decidua basalis.

(B) Confocal micrographs of human chorionic villi, fetal membrane, or decidua stained for cytokeratin-19 (green, left panel; red, middle panel), HLA-G (green, right

panel), or b-actin (red, left of right panels; green, middle panel). DAPI-stained nuclei are shown in blue. Scale bar, 50 mm.

(C) IFN-l induction of OAS1 in midgestation chorionic villi (**p < 0.01; n = 6), fetal membranes (p = 0.07; n = 6), or decidua (**p < 0.01; n = 3) after treatment with

100 ng/mL IFN-l (l1 or l3) for 16 hr as assessed by qRT-PCR. Experiments with recombinant IFN-b (100 ng/mL) were performed in parallel (***p < 0.001). Data are

normalized to mock-treated controls and are shown as mean ± SD.

(D) Infectious ZIKV-Brazil titers frommidgestation chorionic villi (n = 7), fetal membranes (n = 6), or decidua (n = 3) preparations pre-treated withmedium (Mock) or

100 ng/mL IFN-b, IFN-l1, or IFN-l3 overnight (�16 hr) and then infected with ZIKV-Brazil for 72 hr. Data are shown as mean ± SD.

Statistical analyses in (C) and (D) were performed using a Kruskal-Wallis ANOVA (*p < 0.05). See also Figures S3–S5.
et al., 2017; Coyne and Lazear, 2016). Although microcephaly is

a dramatic manifestation of fetal ZIKV infection, the spectrum of

adverse outcomes in fetuses and infants attributable to ZIKV

continues to grow (van der Linden et al., 2016).

The mechanisms underlying the gestational stage-dependent

variation in fetal injury have not been fully elucidated. Beyond

the inherent greater vulnerability of the fetal brain to infection

and injury during early stages of development (Coyne and Laz-

ear, 2016), the maturation of the placental barrier over time may

independently restrict fetal infection and mitigate outcome. This

is particularly true after the first trimester of human pregnancy,

when the placenta undergoes dramatic morphologic changes,

the most notable of which is the establishment of a hemocho-

rial placenta (i.e., fetal-derived placenta in direct contact with

maternal blood). The detection of ZIKV RNA in placental tro-

phoblasts (most commonly cytotrophoblasts), Hofbauer fetal-

derived macrophages, and fetal endothelial cells (Jurado

et al., 2016; Miner et al., 2016; Quicke et al., 2016; Richard

et al., 2017; Simoni et al., 2017; Tabata et al., 2016) is strongly

suggestive of a trans-placental route of transmission. Given

that fetal-derived syncytiotrophoblasts form a key cellular bar-

rier to the hematogenous spread of ZIKV at a variety of gesta-

tional stages, ZIKV likely has evolved a mechanism to bypass

the placental villous barrier for vertical transmission. Indeed,
the detection of ZIKV RNA in Hofbauer macrophage cells,

with a corresponding lack of detection in syncytiotrophoblasts,

in human cases of ZIKV-induced fetal loss highlights the lack of

susceptibility of these cells to infection in vivo (Ritter et al.,

2017). Routes of ZIKV vertical transmission could include infec-

tion of permissive extravillous trophoblasts (Tabata et al., 2016)

and/or the maternal decidua, which would allow ZIKV to

circumvent many of the most robust placental barrier functions,

including those presented by syncytiotrophoblasts. In addition,

primary human umbilical vein endothelial cells (HUVECs), uter-

ine microvascular endothelial cells (hUtMECs), and primary

full-term placental fibroblasts all are non-responsive to IFN-l

(Figure S5; Corry et al., 2017); cells that are non-responsive

to IFN-l could provide portals to facilitate ZIKV trans-placental

transmission.

Fetal outcomes correlated with the timing of infection and the

relative level of ZIKV infection in the placenta and fetal head. The

placenta in the Ifnar1�/� dam 3 WT sire pregnancy model is

heterozygous for Ifnar1 gene expression and likely functionally

competent for IFN signaling. Nonetheless, stage-dependent

developmental changes (e.g., at the epigenetic or transcriptional

level) could modulate the effectiveness of this signaling

response. A recent report showed that third trimester primary

human syncytialized trophoblasts were resistant to ZIKV
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infection, and conditioned medium from these cells protected

against ZIKV infection, a property ascribed to the actions of

constitutively released IFN-l (Bayer et al., 2016). Consistent

with this observation, first trimester syncytialized trophoblasts

appear resistant to ZIKV infection (Bhatnagar et al., 2017; Ritter

et al., 2017), and the syncytium in second trimester human ex-

plants constitutively releases IFN-l and does not support ZIKV

infection (Corry et al., 2017). In comparison, first and second

trimester cytotrophoblasts in cell culture are susceptible to

ZIKV infection (El Costa et al., 2016; Weisblum et al., 2017).

These cells, however, were not evaluated for their ability to pro-

duce or respond to IFN-l. We found that at later stages in preg-

nancy in the setting of deficient type I IFN signaling, IFN-l in-

hibited ZIKV replication in the placenta, which correlated with

lower viral burden in the fetal head. Experiments comparing

ZIKV RNA levels in placentas derived from Ifnlr1�/� \3 Ifnlr1�/�

_ and Ifnlr1�/� \3WT _matings suggest that the effect of IFN-l

on maternal-fetal infection occurs primarily in the fetal placenta

rather than the maternal decidua. Furthermore, the relative

responsiveness of the late gestation placenta to IFN-l treatment,

as contrasted to the lack of inhibitory effect in early gestation,

suggests that IFN-lmay contribute to the stage-dependent sus-

ceptibility of the placenta and fetus to ZIKV infection observed

here and described elsewhere (Honein et al., 2017; Shapiro-

Mendoza et al., 2017). However, RNA sequencing (RNA-seq)-

based transcriptional profiling of mid- and late-gestation human

placental explants or cells did not identify substantive differ-

ences in mRNA expression of the type I (IFNAR) or III (IFNLR1

and IL10R-b) IFN receptors with increasing gestational age that

would impact the responsiveness of the human placenta to

IFNs during gestation (Corry et al., 2017). Although treatment

of WT dams with pegIFN-l2 confirmed an inhibitory effect

against ZIKV infection in the placenta at later gestational times,

at present, it remains uncertain if its actions were on thematernal

decidua or the adjacent junctional layer of the placenta. Further

studies are also needed to determine the magnitude of the anti-

viral effect of IFN-l in the setting of an intact type I IFN response

at the maternal-fetal interface. Additionally, IFN-l treatment

experiments of pregnant dams derived from matings of condi-

tional Ifnlr1 or Ifnar1 deletions (e.g., LysM Cre+ Ifnar1fl/fl mice;

Tang et al., 2016) may help identify the key IFN-responding cell

types (e.g., trophoblasts, endothelial cells, and/or Hofbauer

macrophages) in the placenta. Finally, despite similar ZIKV

RNA levels in the placenta 7 days after infection at E6, E9, or

E13, we observed different clinical outcomes ranging from fetal

demise to complete viability; thus, in addition to stage-depen-

dent effects on transmission to the fetus and actions of IFN-l,

the placenta may be more vulnerable to ZIKV-induced cyto-

pathic damage at earlier gestational stages.

The treatment studies with pegIFN-l2 suggest a possible ther-

apeutic option in humans for ZIKV infections once placentation

has occurred and syncytialized trophoblasts are present, which

occurs very early following conception. In support of this, midg-

estation human fetal-derived placental and maternal-derived

decidua explant tissues were responsive to exogenous IFN-l

treatment, with induction of ISGs and inhibition of ZIKV replica-

tion. These experiments also suggest an antiviral role for IFN-l

in cells of the maternal-fetal interface with intact type I IFN

responses, which could occur in the earlier stages of human
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pregnancy. As ZIKV can degrade human STAT2, but not mouse

Stat2 (Grant et al., 2016; Kumar et al., 2016), and type I and III IFN

both signal through this transcription factor, the mouse models

could overestimate the impact of IFN-l in humans. Notwith-

standing this caveat, our experiments in primary placental

explants suggest that IFN-l may be relevant for restricting in

utero transmission of ZIKV in humans, as the human placenta

constitutively produces IFN-l at both mid (Corry et al., 2017)

and late (Bayer et al., 2016) stages of gestation. Thus, type I

and III IFN may act in parallel to enhance the antiviral capacity

of the placental barrier against vertical transmission of ZIKV

and other pathogens.

Our study demonstrated the utility of in vivo ultrasound of

ZIKV-inoculated Ifnar�/� pregnant mice in modeling deficits

in cranial size (i.e., microcephaly) after midgestational infec-

tion. Although a prior study produced microcephaly by direct

injection of ZIKV into the fetal mouse brain (Li et al., 2016),

our model incorporates vertical transmission of ZIKV from

mother to fetus. Another report described global intrauterine

growth restriction, including proportionate reductions in

body and head dimensions, after an extraordinarily high-dose

(1011 PFU [plaque-forming units]) intravenous inoculation of

ZIKV in the relatively immunocompetent SJL mice (Cugola

et al., 2016). Although the model demonstrated high levels of

ZIKV RNA in the fetal brain and neuroanatomical abnormalities,

it is limited by the absence of requirement for antecedent viral

replication in peripheral organs or analysis of the placenta,

which likely is the primary site for ZIKV transmission in utero.

Our model of microcephaly after midgestation infection with

a contemporary Brazilian strain of ZIKV may have utility for

future studies of disease pathogenesis, vaccine efficacy, and

therapeutic countermeasures. One caveat of our studies is

that while fetal or infant microcephaly in humans is diagnosed

when the head circumference is >2 (Leviton et al., 2002) or

3 (Kleber de Oliveira et al., 2016) SDs below the mean for

age, analogous definitions for mice do not exist in part

because of the disparity in neocortical mass between mice

and humans (Sun and Hevner, 2014), as well as the significant

differences in the duration of gestation. Thus, the utility of mice

in modeling human congenital microcephaly requires further

investigation.

Although there are important anatomical differences between

human and mouse placentas (reviewed in Rossant and Cross,

2001), the trophoblast layers in both function as a physical

and immunological barrier between the maternal and fetal cir-

culation to prevent the hematogenous spread of microbial

agents. Our experiments help define the consequences of

ZIKV infection as a function of the gestational age of the fetus,

and provide evidence across species for another important role

for IFN-l at barrier surfaces (Lazear et al., 2015b). While our

findings are most directly applicable to the understanding of

ZIKV congenital disease, and may provide the basis for prom-

ising immunomodulatory therapeutics against it, IFN-l might

modulate vertical transmission of other human pathogens,

particularly viruses. Future clinical and laboratory studies are

necessary to fully understand the potential of IFN-l-directed

treatments and define their maternal-fetal cellular targets,

both in the setting of ZIKV infection and the broader context

of other intrauterine pathogens.
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Increase in reported prevalence of microcephaly in infants born to women

living in areas with confirmed Zika virus transmission during the first trimester

of pregnancy—Brazil, 2015. MMWR Morb. Mortal. Wkly. Rep. 65, 242–247.
Cell Host & Microbe 22, 366–376, September 13, 2017 375

http://dx.doi.org/10.1016/j.chom.2017.08.012
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref1
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref1
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref1
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref1
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref2
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref2
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref3
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref3
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref3
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref3
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref4
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref4
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref4
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref4
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref5
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref5
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref5
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref5
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref6
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref6
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref6
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref6
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref7
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref7
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref7
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref7
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref8
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref8
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref9
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref9
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref9
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref9
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref10
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref10
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref10
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref10
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref11
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref11
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref11
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref11
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref11
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref11
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref12
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref12
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref12
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref12
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref13
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref13
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref13
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref14
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref14
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref14
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref14
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref15
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref15
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref15
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref15
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref15
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref16
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref16
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref16
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref16
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref16
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref17
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref17
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref17
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref17
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref18
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref18
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref18
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref18
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref18


Kumar, A., Hou, S., Airo, A.M., Limonta, D., Mancinelli, V., Branton, W., Power,

C., and Hobman, T.C. (2016). Zika virus inhibits type-I interferon production

and downstream signaling. EMBO Rep. 17, 1766–1775.

Lanciotti, R.S., Kosoy, O.L., Laven, J.J., Velez, J.O., Lambert, A.J., Johnson,

A.J., Stanfield, S.M., and Duffy, M.R. (2008). Genetic and serologic properties

of Zika virus associated with an epidemic, Yap State, Micronesia, 2007.

Emerg. Infect. Dis. 14, 1232–1239.

Lazear, H.M., and Diamond, M.S. (2016). Zika virus: new clinical syndromes

and its emergence in the western hemisphere. J. Virol. 90, 4864–4875.

Lazear, H.M., Daniels, B.P., Pinto, A.K., Huang, A.C., Vick, S.C., Doyle, S.E.,

Gale, M., Jr., Klein, R.S., and Diamond, M.S. (2015a). Interferon-l restricts

West Nile virus neuroinvasion by tightening the blood-brain barrier. Sci.

Transl. Med. 7, 284ra59.

Lazear, H.M., Nice, T.J., and Diamond, M.S. (2015b). Interferon-l: immune

functions at barrier surfaces and beyond. Immunity 43, 15–28.

Lazear, H.M., Govero, J., Smith, A.M., Platt, D.J., Fernandez, E., Miner, J.J.,

and Diamond, M.S. (2016). A mouse model of Zika virus pathogenesis. Cell

Host Microbe 19, 720–730.

Leal, M.C., Muniz, L.F., Ferreira, T.S., Santos, C.M., Almeida, L.C., Van Der

Linden, V., Ramos, R.C., Rodrigues, L.C., and Neto, S.S. (2016). Hearing

loss in infants with microcephaly and evidence of congenital Zika virus infec-

tion—Brazil, November 2015–May 2016. MMWR Morb. Mortal. Wkly. Rep.

65, 917–919.

Leviton, A., Holmes, L.B., Allred, E.N., and Vargas, J. (2002). Methodologic is-

sues in epidemiologic studies of congenital microcephaly. Early Hum. Dev.

69, 91–105.

Li, C., Xu, D., Ye, Q., Hong, S., Jiang, Y., Liu, X., Zhang, N., Shi, L., Qin, C.F.,

and Xu, Z. (2016). Zika virus disrupts neural progenitor development and leads

to microcephaly in mice. Cell Stem Cell 19, 672.

Martines, R.B., Bhatnagar, J., de Oliveira Ramos, A.M., Davi, H.P., Iglezias,

S.D., Kanamura, C.T., Keating, M.K., Hale, G., Silva-Flannery, L.,

Muehlenbachs, A., et al. (2016). Pathology of congenital Zika syndrome in

Brazil: a case series. Lancet 388, 898–904.

McConkey, C.A., Delorme-Axford, E., Nickerson, C.A., Kim, K.S., Sadovsky,

Y., Boyle, J.P., and Coyne, C.B. (2016). A three-dimensional culture system re-

capitulates placental syncytiotrophoblast development and microbial resis-

tance. Sci. Adv. 2, e1501462.

Miner, J.J., Cao, B., Govero, J., Smith, A.M., Fernandez, E., Cabrera, O.H.,

Garber, C., Noll, M., Klein, R.S., Noguchi, K.K., et al. (2016). Zika virus infection

during pregnancy in mice causes placental damage and fetal demise. Cell 165,

1081–1091.

Mu, J., and Adamson, S.L. (2006). Developmental changes in hemodynamics

of uterine artery, utero- and umbilicoplacental, and vitelline circulations in

mouse throughout gestation. Am. J. Physiol. Heart Circ. Physiol. 291,

H1421–H1428.

Mu, J., Slevin, J.C., Qu, D., McCormick, S., and Adamson, S.L. (2008). In vivo

quantification of embryonic and placental growth during gestation in mice us-

ing micro-ultrasound. Reprod. Biol. Endocrinol. 6, 34.

Murray, S.A., Morgan, J.L., Kane, C., Sharma, Y., Heffner, C.S., Lake, J., and

Donahue, L.R. (2010). Mouse gestation length is genetically determined. PLoS

ONE 5, e12418.

Payne, A.F., Binduga-Gajewska, I., Kauffman, E.B., and Kramer, L.D. (2006).

Quantitation of flaviviruses by fluorescent focus assay. J. Virol. Methods

134, 183–189.

Quicke, K.M., Bowen, J.R., Johnson, E.L., McDonald, C.E., Ma, H., O’Neal,

J.T., Rajakumar, A., Wrammert, J., Rimawi, B.H., Pulendran, B., et al. (2016).

Zika virus infects human placental macrophages. Cell Host Microbe 20, 83–90.

Rausch, K., Hackett, B.A., Weinbren, N.L., Reeder, S.M., Sadovsky, Y.,

Hunter, C.A., Schultz, D.C., Coyne, C.B., and Cherry, S. (2017). Screening bio-

actives reveals nanchangmycin as a broad spectrum antiviral active against

Zika virus. Cell Rep. 18, 804–815.
376 Cell Host & Microbe 22, 366–376, September 13, 2017
Richard, A.S., Shim, B.S., Kwon, Y.C., Zhang, R., Otsuka, Y., Schmitt, K., Berri,

F., Diamond, M.S., and Choe, H. (2017). AXL-dependent infection of human

fetal endothelial cells distinguishes Zika virus from other pathogenic flavivi-

ruses. Proc. Natl. Acad. Sci. USA 114, 2024–2029.

Ritter, J.M., Martines, R.B., and Zaki, S.R. (2017). Zika virus: pathology from

the pandemic. Arch. Pathol. Lab. Med. 141, 49–59.

Rossant, J., and Cross, J.C. (2001). Placental development: lessons from

mouse mutants. Nat. Rev. Genet. 2, 538–548.

Shapiro-Mendoza, C.K., Rice, M.E., Galang, R.R., Fulton, A.C.,

VanMaldeghem, K., Prado, M.V., Ellis, E., Anesi, M.S., Simeone, R.M.,

Petersen, E.E., et al.; Zika Pregnancy and Infant Registries Working Group

(2017). Pregnancy outcomes after maternal Zika virus infection during preg-

nancy—U.S. territories, January 1, 2016–April 25, 2017. MMWR Morb.

Mortal. Wkly. Rep. 66, 615–621.

Sheehan, K.C., Lai, K.S., Dunn, G.P., Bruce, A.T., Diamond, M.S., Heutel, J.D.,

Dungo-Arthur, C., Carrero, J.A.,White, J.M., Hertzog, P.J., and Schreiber, R.D.

(2006). Blocking monoclonal antibodies specific for mouse IFN-alpha/beta re-

ceptor subunit 1 (IFNAR-1) from mice immunized by in vivo hydrodynamic

transfection. J. Interferon Cytokine Res. 26, 804–819.

Sheridan, M.A., Yunusov, D., Balaraman, V., Alexenko, A.P., Yabe, S.,

Verjovski-Almeida, S., Schust, D.J., Franz, A.W., Sadovsky, Y., Ezashi, T.,

and Roberts, R.M. (2017). Vulnerability of primitive human placental tropho-

blast to Zika virus. Proc. Natl. Acad. Sci. USA 114, E1587–E1596.

Simoni, M.K., Jurado, K.A., Abrahams, V.M., Fikrig, E., and Guller, S. (2017).

Zika virus infection of Hofbauer cells. Am. J. Reprod. Immunol. 77, http://dx.

doi.org/10.1111/aji.12613.

Sun, T., and Hevner, R.F. (2014). Growth and folding of the mammalian cere-

bral cortex: from molecules to malformations. Nat. Rev. Neurosci. 15,

217–232.

Suy, A., Sulleiro, E., Rodó, C., Vázquez, É., Bocanegra, C., Molina, I.,

Esperalba, J., Sánchez-Seco, M.P., Boix, H., Pumarola, T., and Carreras, E.

(2016). Prolonged Zika virus viremia during pregnancy. N. Engl. J. Med. 375,

2611–2613.

Tabata, T., Petitt, M., Puerta-Guardo, H., Michlmayr, D., Wang, C., Fang-

Hoover, J., Harris, E., and Pereira, L. (2016). Zika virus targets different primary

human placental cells, suggesting two routes for vertical transmission. Cell

Host Microbe 20, 155–166.

Tang, W.W., Young, M.P., Mamidi, A., Regla-Nava, J.A., Kim, K., and Shresta,

S. (2016). A mouse model of Zika virus sexual transmission and vaginal viral

replication. Cell Rep. 17, 3091–3098.

Tsetsarkin, K.A., Kenney, H., Chen, R., Liu, G., Manukyan, H.,Whitehead, S.S.,

Laassri, M., Chumakov, K., and Pletnev, A.G. (2016). A full-length infectious

cDNA clone of Zika virus from the 2015 epidemic in Brazil as a genetic platform

for studies of virus-host interactions and vaccine development. MBio 7,

e01114–16.

van der Linden, V., Pessoa, A., Dobyns,W., Barkovich, A.J., Júnior, H.V., Filho,

E.L., Ribeiro, E.M., Leal, M.C., Coimbra, P.P., Aragão, M.F., et al. (2016).

Description of 13 infants born during October 2015–January 2016 with

congenital Zika virus infection without microcephaly at birth—Brazil. MMWR

Morb. Mortal. Wkly. Rep. 65, 1343–1348.

Weisblum, Y., Oiknine-Djian, E., Vorontsov, O.M., Haimov-Kochman, R.,

Zakay-Rones, Z., Meir, K., Shveiky, D., Elgavish, S., Nevo, Y., Roseman, M.,

et al. (2017). Zika virus infects early- and midgestation human maternal

decidual tissues, inducing distinct innate tissue responses in thematernal-fetal

interface. J. Virol. 91, e01905–e019016.

Yockey, L.J., Varela, L., Rakib, T., Khoury-Hanold, W., Fink, S.L., Stutz, B.,

Szigeti-Buck, K., Van den Pol, A., Lindenbach, B.D., Horvath, T.L., and

Iwasaki, A. (2016). Vaginal exposure to Zika virus during pregnancy leads to

fetal brain infection. Cell 166, 1247–1256.e4.

http://refhub.elsevier.com/S1931-3128(17)30345-1/sref19
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref19
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref19
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref20
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref20
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref20
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref20
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref21
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref21
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref22
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref22
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref22
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref22
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref23
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref23
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref24
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref24
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref24
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref25
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref25
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref25
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref25
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref25
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref26
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref26
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref26
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref27
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref27
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref27
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref28
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref28
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref28
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref28
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref29
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref29
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref29
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref29
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref30
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref30
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref30
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref30
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref31
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref31
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref31
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref31
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref32
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref32
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref32
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref33
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref33
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref33
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref34
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref34
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref34
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref35
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref35
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref35
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref36
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref36
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref36
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref36
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref37
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref37
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref37
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref37
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref38
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref38
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref39
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref39
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref40
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref40
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref40
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref40
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref40
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref40
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref41
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref41
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref41
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref41
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref41
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref42
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref42
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref42
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref42
http://dx.doi.org/10.1111/aji.12613
http://dx.doi.org/10.1111/aji.12613
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref44
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref44
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref44
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref45
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref45
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref45
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref45
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref46
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref46
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref46
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref46
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref47
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref47
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref47
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref48
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref48
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref48
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref48
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref48
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref49
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref49
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref49
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref49
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref49
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref50
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref50
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref50
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref50
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref50
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref51
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref51
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref51
http://refhub.elsevier.com/S1931-3128(17)30345-1/sref51


STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

MAR1-5A3, anti-Ifnar1 Leinco RRID: AB_2491621

AlexaFlour conjugated phalloidin Invitrogen RRID: AB_2315147

Rabbit anti-cytokeratin 19 Abcam RRID: AB_2281020

Mouse anti-HLA-G Santa Cruz Biotechnology RRID: AB_627938

RNA ISH negative control probe (dapB) Advanced Cell Diagnostics 310043

RNA ISH positive control probe (Ppib) Advanced Cell Diagnostics 313911

RNA ISH ZIKV RNA probe Advanced Cell Diagnostics 467771

Bacterial and Virus Strains

Zika virus, Brazil Paraiba 2015 Diamond laboratory Tsetsarkin et al., 2016

Chemicals, Peptides, and Recombinant Proteins

Human IFN-b R&D Systems 8499-IF-010

Human IFN-l1 R&D Systems 1598-IL-025

Human IFN-l3 R&D Systems 5259-IL-025

Pegylated mouse IFN-l2 Zymogenetics/Bristol Myers

Squibb/Eiger Biopharmaceuticals

N/A

Experimental Models: Cell Lines

Vero cells ATCC CVCL_0059

Human endothelial cells Lonza C2519AS; CC-2564

Human placental explants Coyne laboratory N/A

Experimental Models: Organisms/Strains

Mouse: C57BL/6J Jackson Laboratories RRID: IMSR_JAX:000664

Mouse: Ifnlr1�/� C57BL/6J (> 99% congenic) Zymogenetics/Bristol Myers Squibb Lazear et al., 2015a

Mouse: Ifnar1�/� C57BL/6J (> 99% congenic) Diamond laboratory Bred in house; Hwang et al., 1995

Software and Algorithms

Statistics: Prism 7 Graphpad N/A

Ultrasound: Vevo2100 Ultrasound System VisualSonics N/A
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to andwill be fulfilled by the LeadContact,Michael S.

Diamond (diamond@wusm.wustl.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse Experiments
Ifnar1�/� mice (Hwang et al., 1995) were backcrossed (> 99%) onto a C57BL/6J background, and bred in a specific-pathogen-free

facility at Washington University. WT animals were purchased from Jackson Laboratories. Ifnlr1�/�mice (originally called IL28Ra�/�,
obtained from Bristol-Myers Squibb) lack the entire Ifnlr1 coding sequence (Ank et al., 2008) and were backcrossed onto a C57BL/6J

background (Lazear et al., 2015a). Timed matings were set up, and breeding females were checked daily with the day of vaginal

plugging designated as E0. For infection studies with WT mice, animals were treated once with 2 mg of anti-Ifnar1 blocking

mouse mAb (MAR1-5A3, Leinco Technologies) (Sheehan et al., 2006) by intraperitoneal injection on the day prior to infection.

ZIKV (103 FFU) was inoculated subcutaneously in the footpad in 50 mL of PBS under anesthesia. Mice were sacrificed, and maternal

and fetal tissues were harvested as previously described (Miner et al., 2016).

Animal studies were carried in accordance with the recommendations of the Guide for the Care and Use of Laboratory Animals of

theNational Institutes of Health, andwere approved by the Institutional Animal Care andUseCommittee at theWashingtonUniversity
Cell Host & Microbe 22, 366–376.e1–e3, September 13, 2017 e1
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School of Medicine (Assurance number A3381-01). Mice were inoculated with ZIKV after induction of anesthesia using ketamine

hydrochloride and xylazine, and all efforts were made to minimize pain and suffering.

Viruses
ZIKV-Brazil (strain Paraı́ba 2015) was provided by S. Whitehead (Bethesda, MD) (Tsetsarkin et al., 2016). ZIKV stocks were prepared

by propagation in Vero cells and titration utilizing focus-forming assays (FFA) as previously described (Miner et al., 2016).

Cells
Vero cells were cultured at 37�C in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS).

Vero cells were originally acquired from American Type Culture Collection and were tested and judged free of mycoplasma

contamination.

Human Placental Explants
Human fetal placental tissue (< 24 weeks gestation) was obtained from the University of Pittsburgh Health Sciences Tissue Bank

through an honest broker system after approval from the University of Pittsburgh Institutional Review Board and in accordance

with the University of Pittsburgh anatomical tissue procurement guidelines. Chorionic villi, fetal membrane, or decidua were

dissected and cultured in DMEM/F12 (1:1) supplemented with 10% FBS, penicillin/streptomycin, and amphotericin B (1 mg/mL)

for between 24 and 96 hr.

METHOD DETAILS

Quantification of Viral Burden In Vivo
Mouse tissues wereweighed and homogenized using aMagNA Lyser (Roche LifeScience), and RNAwas extracted using the RNeasy

Mini Kit (tissues) or the Viral RNA Mini Kit (serum) (QIAGEN). ZIKV RNA quantification was performed by one step qRT-PCR on an

ABI 7500 Fast instrument, and RNA quantity expressed as viral RNA equivalents per gram (tissue) or ml (serum) after interpolation

onto a standard curve of 10-fold dilutions of ZIKV RNA. The primer set has been previously published (Lanciotti et al., 2008; Lazear

et al., 2016) (Integrated DNA Technologies).

Histology
Fetuses and placentas were removed by Caesarian section on the indicated days of gestation and immediately fixed for 24 to 30 hr in

4% paraformaldehyde (PFA) in PBS followed by paraffin-embedding, sectioning, and mounting (Digestive Diseases Research Cores

Center and Tissue Histology Core at Center for Reproductive Health Sciences, Washington University).

In Situ Viral RNA Hybridization
RNA ISH was performed using RNAscope 2.5 HD (Brown) (Advanced Cell Diagnostics) according to the manufacturer’s instructions

and as previously described (Govero et al., 2016). PFA-fixed, paraffin-embedded tissue sections were deparaffinized by incubating

for 60 min at 60�C and endogenous peroxidases were quenched with H2O2 for 10 min at room temperature. Slides were then boiled

for 15 min in RNAscope Target Retrieval Reagents and incubated for 30 min in RNAscope Protease Plus reagent prior to ZIKV RNA

(Advanced Cell Diagnostics, catalog #467771), positive control Mus musculus Ppib gene (#313911), or negative control bacterial

gene dapB (#310043) probe hybridization and signal amplification. Sections were counterstained with Gill’s hematoxylin and visual-

ized by brightfield microscopy. Slides stained with ZIKV RNA ISH were scored in a blinded manner with a semiquantitative score

ranging from 0 to 4 based on the number of ZIKV positive cells per section. A score of ‘‘0’’ was assigned if no positive signal as

compared to negative control slide; 1 for < 10 positive cells; 2 for 10-25 positive cells; 3 for 26-50 positive cells; and 4 for > 50 positive

cells per slide.

Ultrasound Analysis
Ultrasound imaging of the pregnant uterus was conducted according to a modification of previously described methods (Mu and

Adamson, 2006). Briefly, non-invasive trans-abdominal ultrasound studies were performed using a Vevo2100 Ultrasound System

(VisualSonics, Toronto, ON, Canada) equipped with a 30 MHz linear array transducer (MS400). Pregnant mice were lightly anesthe-

tized with 1.5% gaseous isoflurane administered through a specialized nose cone. Hair was removed from the abdomen by chemical

hair remover. Maternal heart rate and rectal temperature weremonitored, and body temperature wasmaintained at 36–38�Cwith the

use of a heating pad and lamp. A series of long- and short-axis 2-dimensional images, and color Doppler guided spectral Doppler

tracings of 5-7 embryos per pregnant mouse were acquired digitally. To ensure stable hemodynamic conditions, imaging time was

limited to less than 1 hr. Image analysis was performed using offline computer workstation equipped with Vevo2100 analysis soft-

ware. Embryonic crown-rump length was quantified from longitudinal images as the maximum distance between the cephalic

and caudal poles. Biparietal diameter and head circumference were measured from transverse sections at the level of the lateral

ventricles. Abdominal circumference (AC) was calculated from the abdominal anteroposterior diameter (APD) and abdominal trans-

verse diameter (ATD) measured from a transverse section of the fetal abdomen at the level of the liver just below the diaphragm,

where AC = p (ATD + APD)/2. For placental measurements (placental diameter, placental length, placental thickness), orthogonal
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transverse images of the placenta were obtained at the insertion site of the umbilical cord. Doppler velocity waveformswere obtained

in the umbilical artery in the umbilical cord near the placental surface, and in the embryonic intraplacental arteries of the labyrinth near

the midpoint between the chorionic and basal plates. Doppler waveforms were obtained in the uterine artery near the lateral-inferior

margin of the uterocervical junction close to the iliac artery. Peak systolic velocity and end-diastolic velocity were measured from

three consecutive cardiac cycles that were not affected by motion, and the results were averaged.

Immunofluorescence Microscopy
Explants were fixed in 4% paraformaldhehyde and permeabilized with 0.25% Triton X-100. Following washing in PBS, tissues were

incubatedwith primary antibody diluted in PBS for 1 to 2 hr at room temperature, washed in PBS, and then incubated with Alexa Fluor

conjugated secondary antibodies for 30 to 60 min in PBS at room temperature. Alexa Fluor-conjugated phalloidin was purchased

from Invitrogen (A12379 or A12381). Rabbit anti-cytokeratin 19 (ab52625) was purchased from Abcam. Mouse anti-HLA-G

(sc-21799) was purchased from Santa Cruz Biotechnology. Tissue was mounted with VectaShield (Vector Laboratories) containing

40,6-diamidino-2-phenylindole (DAPI) and images captured using an Olympus FV1000 laser scanning confocal microscope. Images

were adjusted for brightness/contrast and/or pseudcolored using Adobe Photoshop (Adobe).

RNA Isolation and RT-qPCR in Explant Infections
Total RNA was isolated using a GenElute Total RNA Miniprep Kit (Sigma). Following isolation and treatment with deoxyribonuclease

(Sigma), RNA was reverse transcribed using an iScript cDNA synthesis kit (BioRad) containing 0.1 to 0.5 mg of sample RNA per

reaction. RT-qPCR was conducted using IQ SYBR Green Supermix (BioRad) in a BioRad CFX96 touch real time PCR detection

system. A modified DCt method was used to calculate gene expression using human actin for normalization. Primer sequences

for IFNl1, IFNl2, OAS1, hPL, actin, and ZIKV have been described (Bayer et al., 2016; McConkey et al., 2016). Additional

primer sequences used are as follows: IGFBP1 TTTTATCACAGCAGACAGTG and AATATATCTGGCAGTTGGGG; PRL

GGTTCATCCTGAAACCAAAG and CTTCAGGAGCTTGAGATAATTG.

Human Placental Explants
For infections, placental, decidual, or fetal membrane explants were infected with 53 105 FFU/ml of ZIKV for 72 hr following isolation

and treatment (�16 h) with 100 ng/mL of recombinant IFN-b, IFN-l1 or IFN-l3 (R&D Systems; 1598-IL-025, 5259-IL-025, 8499-IF-

010) or Media. For imaging, explants were fixed and imaging performed as detailed above. Explant infections were performed with

ZIKV-Brazil propagated on Vero cells, and viral output was quantified by fluorescent focus assay as previously described (Payne

et al., 2006) using an anti-double-stranded RNA monoclonal antibody provided by Abraham Brass (University of Massachusetts).

Primary Endothelial Cultures
HUVEC and hUtMEC were purchased from Lonza and cultured as described previously (Rausch et al., 2017). Cells were inoculated

with ZIKV-Brazil (MOI of 3) for 48 hr following a 16 hr treatment with 100 ng/mL of recombinant IFN-b, IFN-l1 or IFN-l3 (R&D Sys-

tems). Viral titers were determined by fluorescent focus assays, as previously described (Payne et al., 2006).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed using GraphPad Prism software. Viral burden quantification analysis was analyzed byMann-Whitney or Kruskal-

Wallis tests. Ultrasound dimensions were analyzed by one-way ANOVA. P values of < 0.05 were considered statistically significant.
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