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Introduction
Zika virus (ZIKV) outbreaks have been reported in more than 50 countries and territories since 2015 
(1), with more than 3,000 confirmed infections in fetuses (2). ZIKV, a positive-stranded RNA virus, 
can transmit via mosquito vectors, sexual contact, and blood transfusion (3–5). The virus typically 
causes asymptomatic infections in adults, but can cause severe fetal sequelae when infection occurs 
during pregnancy. ZIKV infection of  pregnant women is associated with fetal abnormalities — col-
lectively referred to as the congenital Zika syndrome (6) — that are characterized by a spectrum of  
developmental defects in the human fetus, including microcephaly, decreased brain tissue and struc-
tural abnormalities, limb contractures, as well as neurological sequelae. While much of  the attention 
has been focused on the biology of  the ZIKV and its mosquito vector, the immunologic complexity 
of  pregnancy and placental immune responses to ZIKV have been largely ignored. Currently, there 
is no specific treatment for ZIKV infection. Although there are more than 50 candidate ZIKV vac-
cines and antibodies being developed (7–9), their use in pregnant women is still pending completion 
of  clinical trials and FDA approval. Moreover, the preventive and therapeutic strategies are virus 
specific, and targeted toward the virus itself, and in some cases still do not mitigate adverse perinatal 
outcomes (10). Although ZIKV infection can have direct effects on fetal tissues, there is evidence 
that the long-term perinatal and neurologic sequelae are associated with increased inflammation and 
dysregulation of  the placenta (11–13).

Zika virus (ZIKV) infection during pregnancy causes significant adverse sequelae in the developing 
fetus, and results in long-term structural and neurologic defects. Most preventive and therapeutic 
efforts have focused on the development of vaccines, antivirals, and antibodies. The placental 
immunologic response to ZIKV, however, has been largely overlooked as a target for therapeutic 
intervention. The placental inflammatory response, specifically IL-1β secretion and signaling, 
is induced by ZIKV infection and represents an environmental factor that is known to increase 
the risk of perinatal developmental abnormalities. We show in a mouse model that maternally 
administrated IL-1 receptor antagonist (IRA; Kineret, or anakinra), following ZIKV exposure, can 
preserve placental function (by improving trophoblast invasion and placental vasculature), increase 
fetal viability, and reduce neurobehavioral deficits in the offspring. We further demonstrate 
that while ZIKV RNA is highly detectable in placentas, it is not correlated with fetal viability. 
Beyond its effects in the placenta, we show that IL-1 blockade may also directly decrease fetal 
neuroinflammation by mitigating fetal microglial activation in a dose-dependent manner. Our 
studies distinguish the role of placental inflammation during ZIKV-infected pregnancies, and 
demonstrate that maternal IRA may attenuate fetal neuroinflammation and improve perinatal 
outcomes.
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Studies in vitro have shown that ZIKV directly infects endothelial cells, placental trophoblast cells, Sertoli 
cells, glomerular cells, neurons, and fetal microglia (14–18).Increased secretion of proinflammatory cytokines, 
including IL-1α and IL-1β, from ZIKV-infected cells might contribute to cell death (19, 20). Furthermore, 
IL-1β is elevated in the serum of nonpregnant ZIKV-infected patients (7, 21). Whether IL-1β is upregulated in 
the placenta following ZIKV infection remains unknown and formed the basis of the current study.

IL-1 receptor antagonist (IRA) is an endogenous molecule present in amniotic fluid and cord blood, 
and circulates systemically at higher levels in pregnant compared with nonpregnant women (22). Ani-
mal studies demonstrate that treatment during pregnancy with exogenous IRA (Kineret, or anakinra, a 
class B drug in pregnancy) can protect against placental and neurodevelopmental defects induced by in 
utero inflammation (23–25). These observations provided the foundation for our investigation of  the role 
of  IL-1 signaling in maternal ZIKV-induced fetal brain injury and its potential as a therapeutic target 
to prevent or attenuate congenital Zika syndrome. We hypothesized that therapeutic agents that target 
inflammation, e.g., through antagonism of  IL-1 signaling, could mitigate placental inflammation and 
long-term adverse perinatal outcomes.

In this study, we used an immunocompetent mouse model of  intrauterine ZIKV infection (13 ) to 
explore the effects of  placental ZIKV infection on trophoblast invasion and placental inflammation, 
including IL-1β production. We (13) and others (26–30) have demonstrated that systemic inoculation 
of  virus (i.e., intraperitoneal/subcutaneous) does not result in transplacental (i.e., vertical) transfer of  
ZIKV in immunocompetent mice, in part because ZIKV does not antagonize the IFN response in mice 
as it does in humans (26). To circumvent this problem in mice, several models have been developed to 
study ZIKV pathogenesis during pregnancy in mice, including deletion or depletion of  type I IFNs (28, 
31–33), development of  humanized STAT2 mice (26), and direct inoculation into the female reproduc-
tive tract (13, 34–36). In the present study, immunocompetent dams were infected in utero with ZIKV 
to systematically evaluate the impact of  ZIKV on the placental inflammatory responses and test the 
efficacy of  maternally administered IRA in reducing placental inflammation, placental dysregulation, 
and the subsequent adverse neonatal outcomes. Finally, we tested the direct effects of  exogenous IRA on 
perinatal microglial infection and proliferation in vitro. Collectively, we show that IRA treatment inhibits 
microglial activation in the perinatal brain both directly and indirectly through preservation of  tropho-
blast invasion and vascular remodeling in the placenta.

Results
In utero exposure to ZIKV causes placental dysfunction and developmental abnormalities in offspring. Consistent 
with previous studies (13), intrauterine ZIKV inoculation of  immunocompetent pregnant mice at E10 
(i.e., during the critical period of  placental completion; ref. 37) caused detectable placental infection 48 
hours after inoculation (48 hpi) that was similar across distinct strains of  ZIKV (Figure 1A). Following 
ZIKV infection, there was a significant reduction in trophoblast invasion into the mesometrial triangle (P 
< 0.05, 1-way ANOVA, Figure 1, B and C) and decreased vimentin expression in placental villi (P < 0.05, 
1-way ANOVA, Figure 1, D and E) compared with placentas from mock-inoculated dams.

Infection with diverse strains of  ZIKV significantly reduced fetal viability 48 hpi (P < 0.05, 1-way 
ANOVA, Figure 1F); placental ZIKV RNA copies, however, did not correlate with fetal survival (r2 
= 0.3034, P = 0.309, Figure 1G). A subset of  dams was allowed to carry to term, and developmental 
abnormalities were quantified in pups through postnatal day P8. The pups exposed in utero to ZIKV at 
E10 exhibited abnormal development, including limb contractures (Figure 1H), congenital syndactyly 
(Figure 1I), and kinked tails (Figure 1J). Collectively, the occurrence of  these developmental abnor-
malities in ZIKV-exposed pups was calculated to be 1.8% (Table 1). These data suggest an associa-
tion between placental dysfunction and adverse perinatal outcomes following in utero ZIKV exposure, 
regardless of  placental viral load.

In utero exposure to ZIKV increases placental IL-1β. Because ZIKV infection induces peripheral IL-1β 
secretion in nonpregnant ZIKV-infected humans and mice (38), we sought to determine whether ZIKV 
infection during pregnancy could similarly upregulate IL-1β as well as other proinflammatory mediators 
in the placenta. Using multiplexed arrays, we measured the mRNA expression of  96 immune-related 
genes and observed that Il1β mRNA expression, but not expression of  other proinflammatory cytokines, 
was upregulated in the placenta 6 hours after in utero ZIKV inoculation (P < 0.05, Student’s t test, 
Figure 2A and Supplemental Table 1; supplemental material available online with this article; https://
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Figure 1. Historic and contemporary 
strains of ZIKV infect the placenta 
and cause placental dysfunction 
and developmental abnormalities 
in offspring. At E10, pregnant CD-1 
mice received an intrauterine injec-
tion of 106 TCID50 units of the 2015 
Brazil, 2015 Puerto Rico (PR), or 
1968 Nigeria ZIKV, or vehicle (mock). 
(A) ZIKV RNA was isolated and 
quantified by qRT-PCR from placen-
tas collected 48 hours after inocu-
lation (48 hpi). (B) Representative 
fluorescence immunostaining for 
cytokeratin (black puncta, arrows) 
to label trophoblast cells in mock- or 
ZIKV-infected (Brazil strain) placen-
tas. Right: High magnifications of 
black boxes (located in the meso-
metrial triangle) in the left panels. 
Scale bars: 1000 μm (left), 100 μm 
(right). (C) Quantitative analysis of 
trophoblast density (as a measure 
of trophoblast invasion) in the 
mesometrial triangle. (D) Represen-
tative fluorescence immunostaining 
for vimentin (red) to label endotheli-
al cells in mock- or ZIKV-infected 
(Brazil strain) placentas. The right 
panels are high magnifications of 
the white boxes (located in the 
villi) in the left panels. Scale bars: 
1000 μm (left), 100 μm (right). (E) 
Quantitative analysis of endothelial 
cell density in the placental villi. (F) 
Fetal viability quantified as the per-
centage of viable fetuses within the 
inoculated uterine horn (n = total 
number of fetuses from 4 to 5 dams 
per group). (G) Correlation between 
ZIKV RNA in placentas and fetal 
viability. (H–J) Representative imag-
es of limb contracture (arthrogrypo-
sis) (H), fused digits (syndactyly) (I), 
and kinked tails (J, left panel, gross 
image; right panel, radiograph) in 
pups born to ZIKV-infected dams.
χ2 test (F), Spearman’s correlation 
analysis (G), and 1-way ANOVA with 
Bonferroni’s multiple comparisons 
test (A, C, and E). *P < 0.05.
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doi.org/10.1172/jci.insight.122678DS1 ). At 6 hpi, the concentration of  IL-1β was also significantly 
increased in ZIKV-infected placentas as compared with placentas from mock-inoculated dams (P < 0.05, 
Student’s t test, Figure 2B). The induction of  IL-1β in placenta was transient, as these changes were less 
pronounced at 48 hpi (Supplemental Table 2 and Supplemental Figure 1A). Peripherally, in the maternal 
spleen, there was no increase in the concentrations of  IL-1β at 6 hours following intrauterine ZIKV inoc-
ulation (Figure 2B), suggesting that in this model, IL-1β–mediated inflammation was occurring locally 
in the placenta. To determine whether the ZIKV-induced increase in placental IL-1β required replicating 
virus, dams were inoculated with inactivated ZIKV and placentas were collected 6 hpi. Live, but not 
inactivated, ZIKV caused an increase in placental IL-1β concentrations (Supplemental Figure 1B), illus-
trating that virus replication is necessary to induce IL-1β in the placenta.

To examine whether the placental dysregulation (Figure 1, B–E) was caused by the upregulation 
of  IL-1β (Figure 2B), we treated dams with IRA 3 hours after mock or ZIKV infection. Blocking IL-1 
receptor signaling with IRA increased ZIKV copies in the placenta (P < 0.05, Student’s t test, Figure 2C), 
but not in the maternal spleen or fetal head (Figure 2C). Consistent with previous results (Figure 1F), 
fetal viability was significantly reduced in ZIKV- compared with mock-inoculated dams 48 hpi (P < 0.05, 
χ2, Figure 2D); in contrast, the viability of  fetuses from IRA-treated ZIKV-infected dams significantly 
improved as compared with ZIKV-infected dams (P < 0.05, χ2, Figure 2D). The ZIKV-induced reduction 
in fetal viability was reversed by coadministration of  IRA not only at 3 hpi, but at 1 or 24 hpi, suggesting 
that there is an extended window of  opportunity for treatment (Supplemental Figure 1C).

Maternal IRA administration preserves placental development during intrauterine ZIKV infection. IHC of  pla-
cental trophoblasts (cytokeratin) and endothelial cells (vimentin) was utilized to assess the effect of  IRA 
treatment on placental development. Compared with PBS-treated, ZIKV-infected dams, IRA administra-
tion during ZIKV infection significantly improved the migration of  trophoblasts into the mesometrial tri-
angle (P < 0.05, 1-way ANOVA, Figure 3, A and B). There were abundant trophoblast cells around or at 
the decidual spiral arteries in placentas from mock-infected dams (Supplemental Figure 2, white arrows) 
(39, 40). ZIKV infection reduced the appearance of  trophoblasts in the spiral arteries, whereas treatment 
of  ZIKV-infected dams with IRA increased the amount of  trophoblast cell invasion into the decidual spi-
ral arteries (Supplemental Figure 2). The density of  trophoblasts within the placental labyrinth was also 
markedly increased following IRA treatment of  ZIKV-infected dams (P < 0.05, 1-way ANOVA, Figure 3, 
A and B). Similarly, placental vascularity, as measured by the density of  vimentin staining, was increased 
by IRA administration to ZIKV-infected dams (P < 0.05, 1-way ANOVA, Figure 3, D and E). Taken 
together, these data illustrate that by reducing placental inflammation with IRA, ZIKV-induced placental 
dysfunction is mitigated despite the presence of  ZIKV RNA (Figure 2C).

Maternal IRA administration mitigates the behavioral consequences of  ZIKV and inhibits microglial expres-
sion in neonatal brains. To determine the effects of  IRA on restoring neurocognitive function in neonates 
born to ZIKV-infected dams, neurological behavioral tests were performed at P5 and P9, as previously 
described (41). At P5, pups born to ZIKV-infected dams took significantly longer to complete tasks, 
including negative geotaxis, cliff  aversion, and surface righting, as compared with pups from mock-inoc-
ulated dams (P < 0.05, 1-way ANOVA, Figure 4A). IRA administration to ZIKV-infected dams reversed 
the behavioral abnormalities in pups and significantly shortened the performance times of  these tests (P 
< 0.05, 1-way ANOVA, Figure 4A), as compared with pups exposed to ZIKV without IRA treatment.

Neuroinflammation can contribute to neurocognitive deficits in neonatal mice (42–44). IHC 
for Iba-1, a marker of  microglia, was used to assess neuroinflammation in the brains of  pups at P5. 
Consistent with previous reports (13), Iba-1 expression was significantly greater in the brains of  pups 
born to ZIKV-infected dams (P < 0.05, 1-way ANOVA, Figure 4, B and C), and IRA administra-
tion significantly decreased the expression of  Iba-1 to levels comparable to brains from pups born 

Table 1. Frequency of congenital malformations

ZIKV-infected Mock-infected
Total pups (n) 322 258
Limb and tail malformation (n)  6 0
Frequency (%) 1.8 0
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to uninfected dams (P < 0.05, 1-way ANOVA, Figure 4, B and C). IRA treatment reduced neona-
tal neuroinflammation as well as placental inflammation; thus, the reduced neuroinflammation in 
pups might be caused by direct effects of  IRA treatment on the CNS or indirect effects on placental 
inflammation and growth restriction.

In vitro ZIKV infection decreases proliferation of  primary microglia, which is reversed with IRA treatment. 
To explore the direct effects of  IRA on ZIKV-induced activation of  microglia, primary perinatal 

Figure 2. In utero exposure to ZIKV increases placental IL-1β. At E10, pregnant CD-1 mice received an intrauterine 
injection of 106 TCID50 units of the 2015 Brazil ZIKV or vehicle (mock). (A) Placentas were collected 6 hours after 
inoculation (6 hpi), and the mRNA expression of proinflammatory cytokines was quantified (mock: n = 3; ZIKV: n = 
4). (B) The concentration of IL-1β was measured by ELISA from tissue homogenates (pg/100 μg protein). Following 
ZIKV inoculation, pregnant dams were treated daily with either an IL-1 receptor antagonist (IRA) or PBS until tissue 
harvesting. (C) ZIKV RNA was isolated and quantified from maternal spleen, placenta, and fetal heads collected 48 
hpi. (D) Fetal viability was determined as the percentage of viable fetuses within the inoculated uterine horn. n = 
total number of fetuses from 8 to 14 dams per group. Student’s t test (A and B), and χ2 test (C). *P < 0.05.
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microglia were cultured and infected in vitro. Detection of  ZIKV protein using IHC demonstrated 
that more than 90% of  microglia were infected with ZIKV 24 hpi (Figure 5A), and quantification of  
ZIKV RNA copies revealed no effect of  IRA on total viral burden (Figure 5B). To assess the effect of  
ZIKV infection on microglial proliferation, double IHC staining for microglia (F4/80) and a cell pro-
liferation marker (Ki-67) was performed in cultures 24 hpi. Compared with uninfected cultures, ZIKV 
infection reduced the concentrations of  both F4/80 and Ki-67 staining (P < 0.05, one-way ANOVA, 
Figure 5, C and D). Treatment of  ZIKV-infected cultures with IRA at all concentrations reversed this 
phenotype and significantly increased concentrations of  both F4/80 and Ki-67 staining compared with 
untreated cultures (P < 0.05, 1-way ANOVA, Figure 5, C and D) indicated that IRA treatment can 
directly reduce neuroinflammation.

Figure 3. IL-1 receptor antagonism during intrauterine ZIKV infection improves trophoblast invasion and vascular remodeling despite enhanced viral 
replication. At E10, pregnant CD-1 mice received an intrauterine injection of 106 TCID50 units of the 2015 Brazil ZIKV or vehicle (mock). Following ZIKV 
inoculation, pregnant dams were treated daily with either an IL-1 receptor antagonist (IRA) or PBS until tissue harvesting (E12). (A) Representative fluo-
rescence immunostaining for cytokeratin to label trophoblast cells in the placenta. The middle and right panels are the high magnification of the black 
boxes (mesometrial triangle; cytokeratin-positive cells are indicated by black arrows) and the red boxes (villi) in the first panels. (B) Quantitative analy-
sis of trophoblast density (as a measure of trophoblast invasion) in the mesometrial triangle (corresponding to the middle panels of A, black arrows). (C) 
Quantitative analysis of trophoblast density in the villi (corresponding to the right panels of A, red). (D) Representative fluorescence immunostaining 
for vimentin (red) to label endothelial cells in placenta. (E) Quantitative analysis of endothelial cell density in the villi. One-way ANOVA with Bonferroni’s 
multiple comparisons test (B, C, and E). * P < 0.05. Scale bar: 1 mm.
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Discussion
Current approaches to mitigate the impact of  ZIKV infection, especially during pregnancy, include 
reducing exposure to mosquito vectors (45–47) and developing vaccines, antivirals, and antibody 
therapies that can be administered either prophylactically or therapeutically to attenuate disease 
(7, 48–50). The contribution of  placental immune responses to ZIKV has been largely ignored. We 
and others (11) hypothesize that the placental inflammation during ZIKV infection may contribute 

Figure 4. IL-1 receptor antagonism during intrauter-
ine ZIKV infection reverses behavioral abnormal-
ities and neuroinflammation in the pups. At E10, 
pregnant CD-1 mice received an intrauterine injection 
of 106 TCID50 units of the 2015 Brazil ZIKV or vehicle 
(mock). Following inoculation, pregnant dams were 
treated daily with either an IL-1 receptor antago-
nist (IRA) or PBS until E18. (A) Behavioral testing, 
including negative geotaxis, cliff aversion, and 
surface righting, was performed on the surviving pups 
at postnatal day (PND) 5 or 9 to access neurologic 
development (n = 3–4 litters/treatment). Immuno-
histochemical staining for Iba-1 (red) in the brains of 
pups at PND5. (B) IHC was performed to quantify the 
concentration of microglia (as a measure of neuroin-
flammation) in the hippocampus of pups from ZIKV- 
compared with mock-inoculated dams (C). One-way 
ANOVA with Bonferroni’s multiple comparisons test 
(C). *P < 0.05. Scale bars: 50 μm.
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Figure 5. IL-1 receptor antagonist increases microglial proliferation in vitro. Primary microglial cell cultures were generated from brain tissues collected 
from neonatal mice at P5. Cell cultures were treated with either 5 × 106 PFU of the 2015 Brazil ZIKV or vehicle. One hour after infection (1 hpi), either IRA 
or PBS was added to the cultures. At 24 hpi, primary cell cultures were either fixed or fresh frozen. (A) Representative fluorescence immunostaining for 
microglia (Iba-1, green) and ZIKV (red) from ZIKV-infected cultures. (B) Relative ZIKV RNA was quantified by qRT-PCR in microglia. (C) Representative 
fluorescence immunostaining for F4/80 (microglia, green) and Ki-67 (proliferation marker, red) and quantification of proliferating microglial cells (D). 
One-way ANOVA with Bonferroni’s multiple comparisons test (B and D). All experimental conditions were performed in triplicate, and each experiment 
was repeated twice. *P < 0.05. Scale bars: 20 μm.
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significantly to adverse perinatal outcomes, and should be considered in therapeutic approaches for 
ZIKV and other infections that cause congenital defects during pregnancy. The maternal inflamma-
tory response represents an environmental factor that is known to increase the risk for childhood and 
developmental diseases (51, 52), such as autism spectrum disorders, schizophrenia, learning disabil-
ities, as well as cognitive and motor deficits (53–55). Although ZIKV infection has direct effects on 
fetal tissues, we show that placental inflammation is also a major contributor to adverse perinatal 
outcomes following in utero ZIKV infection.

In our murine model, intrauterine infection with live, replicating ZIKV caused an acute increase in 
placental concentrations of  IL-1β, but not of  other proinflammatory cytokines, that was associated with 
fetal demise. Blocking IL-1β signaling improved trophoblast invasion and placental vascularity, fetal via-
bility, and neurobehavioral measures in the offspring. ZIKV is not the only exposure that causes IL-1β–
mediated inflammation during pregnancy. Previous studies employing intrauterine LPS have established 
that IL-1β–mediated inflammation in the maternal compartment and placenta predicts the extent of  fetal 
neurotoxicity and long-term adverse perinatal sequelae (56–59). Furthermore, IL-1 receptor blockade 
with IRA decreases activation of  neuronal NOS (nNOS), cortical neuronal cell death, and perinatal 
brain injury, all of  which occur with exposure to intrauterine inflammation (25, 60, 61). Intraperitoneal 
injections of  murine recombinant IL-1β (rIL-1β) during E15–E17 of  gestation result in neurologic sequel-
ae (62), consistent with ZIKV (the present study) and LPS (56, 63–65), illustrating that elevated IL-1β 
during pregnancy is a significant mediator of  adverse perinatal outcomes.

The placenta represents the interface between maternal and fetal circulation, and features an 
extensive vascular network that facilitates the exchange of  oxygen and nutrients, and the removal of  
waste. Essential to the development of  the placenta is sufficient invasion of  trophoblasts. Insufficient 
trophoblast invasion and vascular remodeling are associated with many pregnancy disorders, includ-
ing preeclampsia and fetal growth restriction (66). In the present study, maternal ZIKV infection 
significantly delayed the invasion of  trophoblasts into the mesometrial triangle of  the placenta at a 
critical time during placental development (i.e., E10.5). Similarly, placental vascular development 
was dysregulated by in utero ZIKV infection, as evidenced by a significant decrease in endothelial 
cell density. This disruption to the normal placental architecture may have affected the anchoring of  
the placenta into the uterine wall and the nutrient exchange between the dam and fetuses, which are 
necessary for fetal development (67, 68).

ZIKV can infect many cell types in the placenta and fetus, including placental trophoblasts and 
endothelial cells, as well as fetal microglia, endothelial cells, and neural progenitor cells (13, 69, 
70). In addition, ZIKV infection causes acute placental inflammation, including secretion of  IL-1β 
(21). Regardless of  the cell type that produces IL-1β, studies have further shown that inflammatory 
responses, including IL-1β secretion, are involved in placental dysregulation (i.e., the delay of  tro-
phoblast invasion and vascular remodeling) (59, 71, 72). While maternal treatment with IRA did not 
reduce ZIKV replication in the placenta, it significantly preserved placental function by increasing 
trophoblast invasion and improving vascularity, which is necessary for maternal-fetal communica-
tion. Furthermore, we found that the placental ZIKV RNA copies did not correlate with fetal surviv-
al, suggesting that the presence of  ZIKV was not a significant factor in the trophoblast invasion. In 
contrast, data from the current study illustrate that the virus-induced and IL-1β–mediated immune 
response may be a major factor associated with fetal brain injury, as it allowed more virus to translo-
cate through the inflamed placenta. Thus, ZIKV infection may damage the fetus directly or indirect-
ly through placental dysregulation and inflammation.

The detection of  ZIKV in fetal brains of  humans (73–77) and mice (13, 78–80) has led to the hypoth-
esis that virus replication in the CNS causes adverse perinatal outcomes. Although ZIKV is detectable 
in the fetal brain (20, 81), we have shown that ZIKV is undetectable in the neonatal brain (13). Despite 
a lack of  replicating virus in the neonatal brain, neurologic abnormalities, including altered neurobe-
havioral outcomes, are observed into adolescence. In the CNS, microglia are a target for ZIKV (13, 
82) and express the IL-1 receptor (83). In vitro, IRA treatment improved the proliferation of  primary 
microglia exposed to ZIKV infection. In vivo, at P0 (13) and P5 (the present study), microglial density 
was increased in the brains of  offspring exposed to ZIKV in utero, which was associated with an altered 
behavioral phenotype. We hypothesize that the continuous activation of  microglia after birth may con-
tribute to long-term neurodevelopmental deficits in the offspring (82). Our data support that placental 
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inflammation, in particular IL-1β activity, during pregnancy underlies prolonged microglia activation 
because maternal IRA treatment reduced microglia activation in the brains of  ZIKV-exposed offspring; 
therefore, neurobehavioral abnormalities in pups that were observed following placental inflammation 
may have been caused either by replicating viruses or nonreplicating inflammatory stimuli.

A significant benefit of  our murine model of  in utero ZIKV infection is that we are utilizing immuno-
competent, outbred mice that mimic the genetic and immunological diversity observed in humans. Most 
murine models of  adverse perinatal outcomes following ZIKV infection involve direct inoculation of  neo-
natal mice (18, 84) or infection in type I IFN–deficient dams (85–88). One major drawback of  the IFN-de-
ficient mouse models is the lack of  critical antiviral innate immune responses, which serve as a first line 
defense against viruses. Despite having an intact immune system, a limitation with our model is that in an 
effort to bypass the peripheral immune responses, we inoculate mice into the uterine horn, which is not a 
natural route of  infection but does require virus to traverse the placental barrier. Future studies must exam-
ine inflammatory immune responses during pregnancy in humans to confirm that IL-1β is elevated and 
could serve as a therapeutic target for treatment during ZIKV or other congenital infections.

The well-known and safe clinical profile of  IRA, a class B drug in pregnancy, provides opportuni-
ties for clinical translation in the treatment of  congenital Zika syndrome and other fetal developmental 
sequelae associated with infections during pregnancy. The steps that need to be taken for these findings to 
be applied in the clinic are studies evaluating the safety of  application during pregnancy, including doses, 
timing, and long-term effects. These translational studies will have a significant impact on perinatal medi-
cine by enhancing the current understanding of  the role of  placental inflammation in the pathogenesis of  
fetal congenital diseases, and by testing the feasibility and implications for in utero immunomodulatory 
agents. In addition to ZIKV, other neurotrophic flaviviruses, including West Nile virus and Powassan 
virus, cause adverse placental and fetal outcomes when infection occurs during pregnancy (89). ZIKV 
may serve as an excellent model for many congenital infections that cause long-term perinatal injury and 
for which there currently is no cure.

Methods
ZIKVs. The IB H 30656 (Nigeria, 1968) and PRVABC59 (Puerto Rico, 2015) strains of  ZIKV were pur-
chased from ATCC. The Paraíba (Brazil, 2015) ZIKV strain was provided by Stephen Whitehead of  the 
National Institute of  Allergy and Infectious Diseases (Bethesda, Maryland, USA). All procedures for 
handling ZIKV were approved by the Institutional Biosafety Committee. Stocks of  ZIKV were generated 
by infecting Vero cells at an MOI of  0.01 50% tissue culture infectious doses (TCID

50
) per cell in DMEM 

supplemented with 2.5% FBS, 1 mM sodium pyruvate, 100 U/ml penicillin, 100 μg/ml streptomycin 
and 2 mM l-glutamine (infection media [IM]). Approximately 72 hpi, the infected cell supernatant fluids 
were collected, clarified by centrifugation at 900 g for 10 minutes, and stored in aliquots at –80°C.

Virus inactivation was achieved by incubating the infected cell supernatant with β-propiolactone 
(BPA; final concentration 0.05 % v/v) at 4°C for 24 hours. The supernatant was then incubated at 37°C 
for 2 hours to inactivate the BPA (90). No infectivity was detected by TCID50 assay after BPA treatment, 
verifying complete virus inactivation.

Mouse experiments. Timed-pregnant adult (2–3 months of  age) CD-1 mice were purchased from Charles 
River Laboratories. Animals arrived at E9 and were housed in a specific pathogen–free facility at Johns 
Hopkins University with ad libitum access to food and water. Dams were allowed to acclimate for more 
than 24 hours, which is sufficient time for most basic measures of  stress and immune function to return to 
baseline in CD-1 mice (91). All experimental procedures were performed at the same time of  day.

At E10, mice were anesthetized continuously with isoflurane and underwent mini-laparotomy in 
the lower abdomen for ZIKV injections. Animals were randomly assigned to receive either 106 TCID

50 
units of  ZIKV or inactivated ZIKV suspended in 100 μl DMEM or 100 μl DMEM alone as previously 
described (13). For intrauterine injection, the inoculum was divided equally into 4 injections delivered 
into the uterine myometrium, opposite the placenta, and between the gestational sacs of  the first 5 fetuses 
closest to the cervix of  one uterine horn. The contralateral uterine horn was not manipulated. Routine 
closure was performed after injections, and dams were returned to individual cages for recovery. Inves-
tigators were not blinded to the treatment group assignments. Mice were randomly selected to be eutha-
nized by CO

2 exposure followed by cardiac exsanguination at either 6 or 48 hpi, or after delivery at P5, 
P9, or P18, depending on the experimental design. At the time of  euthanasia, the total number of  viable 
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and nonviable fetuses was quantified for each pregnant dam. Fetal viability was determined as the per-
centage of  fetuses within the inoculated uterine horn for ZIKV- and mock-infected dams that were viable. 
Small or discolored fetuses or the absence of  a fetus at an implantation site were counted as nonviable. 
Maternal spleens, placentas, and fetuses were collected from each dam for determination of  viral burden 
by quantitative RT-PCR (qRT-PCR), TCID

50 assay, and IHC. All animal studies were conducted under 
animal biosafety level 2 (BSL2) containment.

IRA treatment. Beginning 1, 3, or 24 hpi, dams were injected intraperitoneally with either IRA (Kiner-
et, or anakinra, Amgen) at 10 mg/kg in 100 μl PBS (24) or with the same volume of  PBS (vehicle con-
trol). The injections were repeated every 24 hours after the first treatment until tissue harvest (half-life, 
4–6 hours; ref. 92). The dose and route were selected based on our previous study (24) and another study 
(23) demonstrating that at this dose, the antagonist effectively protects against the placental and neurode-
velopmental deficits in animal models of  maternal inflammation.

ELISA. According to the manufacturer’s protocol, an ELISA (Abcam) was performed to measure the 
IL-1β content in fresh frozen placentas and maternal spleens.

qRT-PCR. Tissue homogenates were stored at –80°C. Total RNA was extracted from tissue samples using 
the RNeasy Lipid Tissue Mini Kit (QIAGEN), according to the manufacturer’s instructions. ZIKV RNA levels 
were determined by one-step qRT-PCR reaction using the QuantiTect Probe RT-PCR Kit (QIAGEN) accord-
ing to the manufacturer’s protocol. The real-time PCR primers and probe for ZIKV RNA detection were the 
ZIKV 1162c set described previously (93), and the primer sequences and concentrations were as follows: Fwd 
(100 μM), 5′-CCGCTGCCCAACACAAG-3′; Rev (100 μM), 5′-CCACTAACGTTCTTTTGCAGACAT-3′; 
probe (25 μM), 5′-/56-FAM/AGCCTACCT/ZEN/TGACAAGCAATCAGACACTCAA/3IABkFQ/-3′ 

(Integrated DNA Technologies). ZIKV RNA copies were determined relative to a standard curve produced 
using serial 10-fold dilutions of ZIKV RNA isolated from ZIKV stocks with a known infectious virus titer.

PCR multiplex array. Placentas were collected at 6 and 48 hpi and fresh frozen on dry ice, followed 
by long-term storage at −80°C. For each placenta, 2 μg RNA was used for complementary cDNA 
synthesis in a 40-μl reaction, using Bio-Rad iScript cDNA Synthesis Kit (no. 170-8891, Bio-Rad). A 
TaqMan Mouse Immune Array v2.1 (no. 4365297, Thermo Fisher Scientific) was used to evaluate 96 
immune markers. To carry out this array, 100 μl of  2× iTaq Super Mix (Bio-Rad, no. 172-5134) was 
diluted with 60 μl of  water and the 40 μl of  the prepared cDNA. Array analyses were performed with 
the Quant Studio 12K Flex Real-Time PCR System (Thermo Fisher Scientific) for 40 cycles. The Ther-
mo Fisher Connect cloud system was used for data storage.

Primary microglia cultures. Neonatal brains were isolated from pups at P5, and the tissue was disso-
ciated into the single-cell suspension using a Neural Tissue Dissociation Kit (Miltenyi Biotec). Microg-
lia were then isolated from the single-cell suspension using CD11b (a microglial marker) MicroBeads 
(Miltenyi Biotec) according to the manufacturer’s instructions, and plated at a density of  1 × 104 cell/
cm2. Microglial cultures were infected with either ZIKV (Brazil strain, 5 × 106) or media with or without 
IRA. After 24 hours, cells were fresh frozen or fixed in 4% paraformaldehyde (PFA) for 20 minutes and 
stored in PBS. All experimental conditions were performed in triplicate, and each experiment was repeat-
ed 3 times for RNA extraction and 6 times for immunofluorescence imaging.

IHC and immunofluorescence imaging. At E12, pregnant mice were euthanized with carbon dioxide, and 
their embryos were harvested. Isolated whole brains and placentas were fixed overnight at 4°C in 4% PFA. 
The following day, the brains and placentas were washed extensively with PBS and immersed in 30% sucrose 
until saturation. Using a Leica CM1950 cryostat, the specimens were cut at 20-μm thickness and mounted 
on positively charged slides (Fischer Scientific), followed by IHC. Slides were washed with PBS, which was 
followed by incubation in PBS solution containing 0.05% Triton X-100 and 5% normal goat serum (Invitro-
gen) for 30 minutes. Placentas were incubated with rabbit anti-vimentin (1:200, ab92547, clone EPR3776, 
Abcam)/cytokeratin antibodies (1:200, Z0622, Dako) overnight at 4°C. Fetal brains were incubated with 
rabbit anti–Iba-1 antibody (1:200, 019-1974, Wako). The in vitro microglia were incubated with mouse anti-
ZIKV (1:100, MAB10216, clone D1-4G2-4-15, EMD Millipore), rabbit anti–Iba-1/rat anti-F4/80 (1:400, 
NB600-404, clone CI-A3-1, Novus) and rabbit anti–Ki-67 (1:200, ab15580, Abcam). The next day, sections 
were rinsed with PBS and then incubated with donkey anti-rabbit (A10042)/mouse (A10037) Alexa Fluor 
568, or donkey anti-rabbit (A21206)/rat (A21208) Alexa Fluor 488 (Life Technologies) fluorescent second-
ary antibody diluted in 1:500 for 3 hours at room temperature. DAPI (10236276001, Roche) was applied for 
counterstaining, followed by mounting with Fluoromount-G (eBioscience).
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Behavioral quantification. Neurobehavioral testing was performed on pups at P5 or P9 using a modi-
fied developmental milestone scoring system, as previously described (94). Briefly, motor development 
was assessed by negative geotaxis and surface righting, and cognitive development was measured by 
cliff  aversion. Negative geotaxis is to test the innate postural response of  pups to rotate 180° from the 
head-down position to the head-up position on an inclined plane. Surface righting is to test the reflex that 
corrects the orientation of  the body when pups are taken out of  its normal upright position. The cliff  
aversion test prompts pups to change position, escaping away from the edge.

Statistics. All data were analyzed with GraphPad Prism software. Fetal viability data were analyzed 
with a χ2 test. ZIKV RNA data were analyzed using multiple t tests or 1-way ANOVAs with Bonferroni’s 
post hoc corrections for multiple comparisons. Correlations were analyzed using Spearman’s correlation 
test. Cytokine data were analyzed with Student’s t test. Quantifications of  IHC (e.g., trophoblast inva-
sion, vascular density, microglia concentration), and behavioral testing data were analyzed using 1-way 
ANOVAs with Bonferroni’s post hoc corrections for multiple comparisons. Data are presented as mean 
± SEM. Mean differences were considered statistically significant at P < 0.05.

Study approval. This study was carried out in accordance with the recommendations in the Guide for 
the Care and Use of  Laboratory Animals (National Academies Press, 2011). The protocols were approved by 
the Institutional Animal Care and Use Committee and Health Safety and the Environment Committee 
of  Johns Hopkins University.
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