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Abstract

Global Zika virus (ZIKV) outbreaks and their link to microcephaly have raised major public

health concerns. However, the mechanism of maternal-fetal transmission remains largely

unknown. In this study, we determined the role of yolk sac (YS) microglial progenitors in a

mouse model of ZIKV vertical transmission. We found that embryonic (E) days 6.5-E8.5

were a critical window for ZIKV infection that resulted in fetal demise and microcephaly,

and YS microglial progenitors were susceptible to ZIKV infection. Ablation of YS microglial

progenitors significantly reduced the viral load in both the YS and the embryonic brain.

Taken together, these results support the hypothesis that YS microglial progenitors serve

as “Trojan horses,” contributing to ZIKV fetal brain dissemination and congenital brain

defects.

Author summary

ZIKV is more likely to cause fetal demise and brain malformations when the mother is

infected at an early stage of pregnancy, which is the critical time window when a special

type of immune cells called microglia appear in the YS and migrate to the fetal brain. YS-

derived microglia are susceptible to ZIKV infection and can act as “Trojan horses” to

bring ZIKV from the mother to the fetal brain.
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Introduction

It is well established that ZIKV infection in pregnant women may lead to severe neurological

consequences, such as microcephaly in newborns [1–5]. Clinical and animal studies have

shown that miscarriage and brain malformation are more frequent when infection occurs

early during pregnancy [1–10]. ZIKV-associated microcephaly is most likely due to the high

susceptibility of neural stem/progenitor cells (NS/PCs), which populate and develop the fetal

brain, to ZIKV infection [11–14]. Nevertheless, how ZIKV gains access to the fetal brain and

why earlier infection has more severe outcomes have not been fully elucidated.

Microglia are the first-line defenders against infections in the brain [15–17]. They originate

exclusively from the erythro-myeloid progenitors in the YS and migrate to the embryonic

brain during early development [18]. A previous study demonstrated that a flavivirus entry

factor Axl renders human fetal brain microglia permissive to ZIKV infection [19]. In a human

induced pluripotent stem cell (hiPSC)-derived human macrophage/microglia and NS/PC co-

culture system, ZIKV-infected macrophages/microglia are able to transmit the virus to NS/

PCs and induce apoptosis [20]. However, it is unknown whether YS microglia progenitor cells

are susceptible to ZIKV infection. Two research groups have hypothesized that microglia may

act as a “Trojan horse” by disseminating Toxoplasma gondii (one of the TORCH agents caus-

ing human microcephaly) and bovine viral diarrhea virus (another flavivirus causing congeni-

tal infection and fetal demise in cattle) into the brain during invasion [21, 22]. In this study, we

determined the role of YS-derived microglial progenitors in a mouse model of vertical ZIKV

transmission.

Methods

Mice

This study was conducted at the University of Texas Medical Branch, and was reviewed and

approved by the Institutional Animal Care and Use Committee of University of Texas Medi-

cal Branch (approval 1008041C). All procedures followed the National Institutes of Health

Guide for the Care and Use of Laboratory Animals. IFNAR1-/- female mice (8- to 11-week-

old) were crossed to C57BL/6J male mice [23], and housed in a specific-pathogen-free facil-

ity. Timed matings were set up, and the presence of a vaginal plug in the breeding female was

designated as gestational age E0.5. Pregnant dams were infected subcutaneously with 104

PFU ZIKV at E6.5-E8.5, E9.5-E10.5 or E13.5–15.5. Mice were euthanized at E18.5 and dam

serum and brain, as well as fetuses, placentas and amniotic fluid, were harvested. For the YS-

derived microglia progenitor ablation study, anti-CSF1R mAb (Clone AFS98, BioXCell,

West Lebanon, NH, USA) or the rat IgG2a isotype control (Clone 2A3, BioXCell, West Leba-

non, NH, USA) was injected intraperitoneally at E6.5 and E7.5 into the pregnant mice with

or without subcutaneous inoculation of ZIKV (104 PFU) at E6.5 or E8.5. Mice were eutha-

nized at E11.5 and dam serum and brain, as well as YS, embryos and placenta were

harvested.

Zika virus

The infectious cDNA clone of ZIKV Puerto Rico strain PRVABC59 (rPRV) use used to rescue

challenge virus according to our previous description [24]. The parental PRVABC59 strain

(GenBank number KU501215) was obtained from World Reference Center of Emerging

Viruses and Arboviruses with five rounds passage on Vero cells. All procedures for handling

ZIKV were approved by the Institutional Biosafety Committee.
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Cell culture and infection

YS-derived progenitor cells were isolated from E10.5 pregnant mice as previously described

with slight modifications [25]. Briefly, the embryos were removed from the uterus and placed

in a sterile dish with ice-cold phosphate-buffered saline (PBS) (Gibco, 21600–05, USA) con-

taining 10% fetal bovine serum (FBS) (HyClone, SH30072.03, USA). The placenta was care-

fully removed from the embryo-encased YS, then the YS was gently separated from the

embryo and placed in ice-cold PBS containing 10% FBS for dissociation. YSs from 5–6

embryos were pooled, passed through 18 gauge followed by 26 gauge needles several times,

and then resuspended in PBS containing 0.25% collagenase (Gibco, 17101–015, USA) and

20% FBS. The mixture was incubated at 37˚C for 20 minutes to generate a single-cell suspen-

sion. Cells were cultured in Dulbecco’s modified Eagle’s medium/Ham’s F-12 (DMEM/F12)

(Gibco, 11330–032, USA), supplemented with 10%FBS, IL-34 (10 ng/mL, R&D Systems,

5195-ML-101, USA), M-CSF(10 ng/mL, R&D Systems, 416-ML-010, USA) and 1% penicillin/

streptomycin (Gibco, 15-140-122, USA); and incubated at 37˚C with 5% CO2 [26, 27]. For

ZIKV infections, cells were treated with ZIKV at a multiplicity of infection of 1 Vero PFU/cell

for 1 hour.

Quantitative Reverse Transcription PCR (RT-qPCR)

Total RNA was extracted from tissues or liquid samples using the RNeasy Mini Kit (Qiagen,

Hilden, Germany). ZIKV RNA levels were determined by the QuantiTect Probe RT-PCR Kit

(Qiagen, Hilden, Germany) according to the manufacturer’s manual on the LightCycler 480

System (Roche, Basel, Germany). The real-time PCR primers for ZIKV RNA detection were:

ZIKV_1193F: 50-CCGCTGCCCAACACAAG-30 and ZIKV_1269R: 50-CCACTAACGTTCT

TTTGCAGACAT-30 [24]. The probe was 50-FAM/AGCCTACCT/ZEN/TGACAAGCAAT

CAGACACTCAA/3IABkFQ-3’ [24]. The one-step RT-qPCR program was 30 minutes at 50˚C

for cDNA synthesis, 15 minutes at 95˚C for initial heat activation, and 45 cycles of PCR (94˚C

for 15 seconds and 60˚C for 1 minute). ZIKV RNA copies were determined relative to a stan-

dard curve produced using serial 10-fold dilutions of in vitro transcribed full-length ZIKV

RNAs with a known concentration [24].

Immunofluorescence imaging

Embryos were fixed in 4% paraformaldehyde (Sigma- Aldrich, P6148, USA)-PBS at 4˚C for 1

h and immersed in 10%, 20% and 30% sucrose (Sigma- Aldrich, S7903, USA) until saturation.

Tissues were embedded in OCT and fast frozen in a cold bath of methyl butane. Cryosections

were cut at 20 μm. The YS was fixed in 4% paraformaldehyde-PBS at room temperature for 1 h

and permeabilized in 100% methanol (Fisher Scientific, A412-4, USA) for 30 minutes at

−20˚C. Sections of the embryo heads and YSs were blocked in Tris Buffered Saline (TBS)

(Sigma- Aldrich, T6664, USA) plus 10% normal goat serum (Jackson Immuno Research, 005-

000-121, USA), 0.25% Triton-X-100 (Fisher, BP151-100, USA) and 2% bovine serum albumin

(BSA) (Sigma Aldrich, A-4503, USA). Tissues were incubated with primary antibodies over-

night at 4˚C, followed by incubation with secondary antibodies in 0.25% Triton-X-100/TBS

for 3 h at room temperature. Primary antibodies were included: rabbit antibodies against

ZIKV E protein (1:200, Ab00230-23.0, Absolute Antibody, Oxford, UK); rat anti-F4/80 (1:200,

ab6640, Abcam) for YS-derived microglia. Secondary antibodies were goat anti-rabbit IgG

(1:1000, R37116, Invitrogen) conjugated with Alexa Fluor 488, and goat anti-Rat IgG (1:1000,

A-11077, Invitrogen) with Alexa Fluor 568. DAPI (4’,6-diamidino-2-phenylindole) was used

to stain nuclei at a concentration of 1:5,000. Images were viewed and captured by a Nikon

D-Eclipse C1si inverted confocal microscope with the EZ-C1 software v3.50 (Nikon, Japan).
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Plaque assay

Viral titers in the culture medium were determined by standard cytopathic effect-based plaque

assay on Vero cells [28]. Briefly, Vero cells (2 × 105 per well) were seeded into 24-well plates.

After 24 h post-seeding, viral samples were 10-fold serially diluted five times in Dulbecco’s

modified Eagle’s medium (DMEM) (11965–092, Gibco, CA, USA). For each dilution, 100 μl

sample was added to one well of the 24-well plate containing 90% confluent Vero cells. The

infected cells were incubated at 37˚C in 5% CO2 for 1 h and shacked every 15 mins to ensure

even infection. After the incubation, 500 μl of methyl cellulose overlay was added to each well,

and the plates were placed into the incubator at 37˚C in 5% CO2. After four days incubation,

methyl cellulose overlay was removed, and the plates were fixed with 3.7% formaldehyde at

room temperature for 20 mins. Following fixation, the plates were stained with 1% crystal vio-

let for 5 mins. Visible plaques were counted to calculate the viral titers (PFU/mL).

Statistical analysis

All data were analyzed by GraphPad Prism 6 software and presented as the mean ± SD.

Changes of maternal body weight were analyzed by two-way ANOVA with a Tukey post hoc

test. Fetal viability data were analyzed with a Chi-square test. Viral RNA data and morphology

measurements were analyzed by non-parametric Kruskal Wallis test with Dunn’s multiple

comparisons or one-way ANOVA with a Tukey post hoc test. A P value of<0.05 was consid-

ered statistically significant.

Results

Maternal ZIKV infection on E6.5–8.5 had a higher risk of fetal demise and

brain malformation

Since interferon type I receptor-deficient (Ifnar1−/−) mice are susceptible to ZIKV infection

and disease [23], we initially crossed female Ifnar1−/− mice to Ifnar1−/− or wild-type (WT)

males, and subcutaneously infected them with cDNA clone-derived ZIKV (rPRV, an infec-

tious clone of Puerto Rico strain PRVABC59 (24), 104 PFU) on E6.5-E8.5, E9.5-E10.5, or

E13.5–15.5 (Fig 1A). These embryonic stages were chosen for their equivalence to the first and

second trimesters of pregnancy in human [29]. The miscarriage rate was significantly higher

in Ifnar1−/− females crossed to Ifnar1−/− males than in those crossed to WT males (50% versus

23%) (Fig 1B). Thus, the choice of using WT sires allowed us to generate enough embryos to

address the critical issue of the role of microglia during ZIKV infection and embryonic brain

development. More importantly, the 23% miscarriage rate (7 out of 31 pregnant dams did not

have any fetus) of our Ifnar1−/−×WT model is closer to that of the nonhuman primates model,

which has the miscarriage rate of 26% when infected at early gestation [30].

For assessment of ZIKV-infected fetal brains and clinical presentations, Ifnar1−/− mice

crossed with WT males were selected and dams were infected with rPRV (104 PFU). The dams

infected during early pregnancy (E6.5-E8.5) gained less weight than those infected at the later

stages, or mock-infected (Fig 1C), probably due to the higher rate of resorption and abnormal

embryo development. Inspection of the fetuses on E18.5 revealed that ZIKV infection on

E6.5-E8.5 resulted in miscarriage and a significantly higher rate of embryo resorption, com-

pared to those in dams infected at later stages of pregnancy (Fig 1D and 1E). The remaining

grossly intact fetuses had much smaller brains than the controls (Fig 1F and 1G). Furthermore,

fetal brains from dams infected with ZIKV on E6.5-E8.5 had much higher viral loads detected

by RT-qRCR (Fig 2A), whereas both placenta and amniotic fluid had similar high viral loads

when infected in all gestation stages (Fig 2B and 2C). Moreover, no significantly higher viral

PLOS NEGLECTED TROPICAL DISEASES Microglia in ZIKV fetal brain dissemination

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008413 July 6, 2020 4 / 21

https://doi.org/10.1371/journal.pntd.0008413


PLOS NEGLECTED TROPICAL DISEASES Microglia in ZIKV fetal brain dissemination

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008413 July 6, 2020 5 / 21

https://doi.org/10.1371/journal.pntd.0008413


loads were detected in the cortex and serum of dams subjected to early stage infection (Fig 2D

and 2E). Collectively, the results suggest that E6.5–8.5 is a critical stage for maternal ZIKV

infection that leads to fetal demise and brain malformation in mice.

Yolk sac-derived microglial progenitors were susceptible to ZIKV infection

in vivo
Since the infection window E6.5–8.5 is within the critical stage of microglial development and

migration, we asked whether murine YS microglia contribute to ZIKV dissemination to the fetal

brain. Microglia arise predominantly from erythro-myeloid progenitors in the embryonic YS,

which is an extra-embryonic membrane tissue with dense capillary networks (Fig 3A and 3B) and

the first site of hematopoiesis in both mice and humans [31, 32]. In mice, the YS-derived micro-

glial progenitors appear at E7 to E8 and migrate to the brain as early as E9.5 after the blood vessels

from the YS to the brain are established [33–35]. These microglial cells could be detected in the

YS by immunostaining with antibodies targeting the microglia/macrophage lineage markers F4/

80 (Fig 3C) and CX3CR1 (Fig 3D). Following ZIKV (the parental PRVABC59 strain, 106 PFU)

infection at E6.5, we found impaired blood vessel formation in the YS, and the number of F4/80+

cells in the YS was significantly reduced (Fig 3B, 3C and 3E). The YS contained F4/80+ microglia

co-stained with anti-ZIKV E protein, and many of these ZIKV-infected microglia were located

linearly or within the vessel-like structure (Fig 3C and Fig 4A–4C). In the embryonic brain from

ZIKV-infected dams (Fig 5A), the number of F4/80+ cells was also decreased, and some F4/80+

microglia were found co-stained with anti-ZIKV E protein (Fig 5B–5D). These data suggest that

F4/80+ microglia may be able to carry ZIKV when they invade the fetal brain.

Yolk sac-derived microglial progenitors were susceptible to ZIKV infection

in vitro
To confirm that YS-derived microglial progenitors are susceptible to ZIKV infection, we iso-

lated microglial progenitors from the YS on E10.5 (Fig 6A) and infected with ZIKV for one

hour. Immunostaining results showed that over 99% of the cells were F4/80+ one week after

culture, indicating they were microglia (Fig 6B and 6C). The co-localization of F4/80 with

anti-ZIKV antibody demonstrated that cultured microglial progenitors from the YS were sus-

ceptible to ZIKV infection (Fig 6B). The infected microglia progenitors were able to produce

progeny viruses and release them to the culture medium (Fig 6D). Further quantitative analysis

showed that less than 1% of F4/80+ cells were co-stained with anti-ZIKV antibody one week

after infection (Fig 6C). These data suggest that F4/80+ microglia may be able to disseminate

the viral infection when they invade the fetal brain.

Fig 1. Gestation stage-dependent ZIKV vertical transmission in a mouse model. (A) Schematic depiction of ZIKV infection during pregnancy in the

mouse model. Ifnar1−/− female mice were crossed with WT males. Pregnant dams were infected with ZIKV at E6.5-E8.5, E9.5-E10.5 or E13.5–15.5.

Samples were collected at E18.5. (B) Percentage of miscarriage dams or non-miscarriage dams after maternal infection with ZIKV on E6.5–8.5, E9.5–

10.5 or E13.5–15.5. Female Ifnar1−/− mice were crossed to Ifnar1−/− males or WT males. The n above each bar indicates the number of dams per group.

Data were assessed by Chi-square test, P<0.0001. (C) Changes in maternal body weight over time in pregnant IFNAR1-/- female mice infected by ZIKV

at E6.5-E8.5, E9.5-E10.5 or E15.5. Data represent the mean ± SD. n = 6 in each group. Two-way ANOVA followed by a Tukey post hoc test. (D)

Representative uteri and E18.5 fetuses from ZIKV-infected dams. One dam infected by ZIKV on E6.5 underwent miscarriage. Other dams generated

grossly intact fetuses, but six of them underwent resorption (arrows in PRV on E6.5 to E9.5). One embryo did not have a well-formed eye structure

(arrowhead, PRV on E6.5). Scale bar: 1 cm. (E) Percentage of resorbed or grossly intact fetuses after maternal infection with ZIKV on E6.5–8.5, E9.5–

10.5 and E13.5–15.5. The n above each bar indicates the number of pups from 6–8 dams per group. Chi-square test, P<0.0001. (F) Representative

images of fetal brains (E18.5) from mock-infected, or dams with ZIKV infection on E6.5, E8.5, E10.5 and E15.5. Large black bars represent the average

width of the fetal brain from uninfected dams. Scale bar: 2 mm. (G) Quantification of fetal brain width. Data represent the mean ± SD. n = 15 in mock,

n = 21 in E6.5–8.5, n = 20 in E9.5–10.5, n = 23 in E15.5, 3–7 dams per group. Non-parametric Kruskal Wallis test with Dunn’s multiple comparisons.

https://doi.org/10.1371/journal.pntd.0008413.g001

PLOS NEGLECTED TROPICAL DISEASES Microglia in ZIKV fetal brain dissemination

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008413 July 6, 2020 6 / 21

https://doi.org/10.1371/journal.pntd.0008413.g001
https://doi.org/10.1371/journal.pntd.0008413


Fig 2. ZIKV RNA loads in the mouse tissues. (A-E) ZIKV RNA loads in embryonic brains (n = 3 in mock, n = 8 in

E6.5–8.5, n = 11 in E9.5–10.5, n = 9 in E15.5, 3–5 dams per group) (A), placenta (n = 3 in mock, n = 10 in E6.5–8.5,

n = 8 in E9.5–10.5, n = 9 in E15.5, 3–4 dams per group) (B), amniotic fluid (n = 5 in mock, n = 10 in E6.5–8.5, n = 9 in

E9.5–10.5, n = 8 in E15.5, 3–5 dams per group) (C), dam cortex (n = 3 in mock, n = 8 in E6.5–8.5, n = 7 in E9.5–10.5,

n = 4 in E15.5) (D) and dam serum (n = 3 in mock, n = 8 in E6.5–8.5, n = 8 in E9.5–10.5, n = 4 in E15.5) (E), measured
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Ablation of microglial progenitors reduced the viral load in embryonic

mouse brains

Microglial development and maintenance require the colony stimulating factor 1 receptor

(CSF1R) [36]. To determine whether YS-derived microglial progenitors contribute to ZIKV

vertical transmission from mother to fetal brain, anti-CSF1R antibody was injected intraperi-

toneally at E6.5 and E7.5 into the pregnant mice to ablate the microglial lineage [37] (Fig 7A).

As shown in Fig 7B and 7C, two days of anti-CSF1R treatment almost completely depleted

microglial progenitors and microglial cells in the YS on E11.5. The ablation efficiency was

99.4% confirmed by staining with the F4/80 marker (Fig 7C), which was consistent with the

99% ablation efficiency previously reported by others [37, 38]. Since the microglia in the fetal

brain are solely derived from YS-derived microglia progenitors, as expected, the number of

F4/80+ cells in the embryonic brain was also significantly decreased by 90% (Fig 7B and 7D).

We then carried out the experiment with pregnant mice receiving the anti-CSF1R antibody at

E6.5 and E7.5, accompanied by ZIKV infection within the window of E6.5-E8.5 (Fig 7A).

Interestingly, depletion of microglial progenitors reduced ZIKV-caused fetal demise (Fig 7E).

ZIKV loads in the YS, embryo brains and hearts were significantly reduced in animals with

microglial progenitors depleted (Fig 8A–8C), despite the high viral loads found in the dam’s

serum and cortex as well as placenta (Fig 8D–8F). These results indicate that YS microglial

progenitors may act as “Trojan horses” to transport Zika virus from the mother to the fetal

brain.

Discussion

In this study, we carefully examined the teratogenic effect of ZIKV infection during different

stages of pregnancy in a mouse model. The higher risk of ZIKV-mediated abnormal embry-

onic development during a defined window of pregnancy led us to investigate the role of

microglia in the fetal brain dissemination of ZIKV. Our data suggest that YS-derived microglia

may serve as a “Trojan horse” to disseminate ZIKV into embryo brains.

In our ZIKV vertical transmission model, we crossed Ifnar1−/− female mice with WT male

mice, and found that 77% of the pregnant mice produced Ifnar1+/− fetuses when examined on

E18.5 after ZIKV infection. On the other hand, only 50% of Ifnar1−/− female mice, when

crossed with Ifnar1−/− males, yielded live Ifnar1−/− fetus on E18.5, indicating a higher miscar-

riage rate occurred in Ifnar1−/− females when crossed with Ifnar1−/− males. Interestingly, how-

ever, the Ifnar1−/− fetuses exhibited better developmental outcomes than the Ifnar1+/− fetuses

(from Ifnar1−/−×Ifnar1−/−: 90.0%, or 108 grossly intact fetuses among total 120 fetuses from 18

dams; from Ifnar1−/−×WT: 71.9%, or 128 grossly intact fetuses among total 178 fetuses from

24 dams). This result is similar to the findings of Yockey et al. [39] in terms of fetal survival.

Assessing the outcomes of fetuses in the Ifnar1−/−×WT model after ZIKV maternal infection,

we found that E6.5-E8.5 was a critical stage which led to the increased rate of ZIKV-associated

fetal demise and microcephaly. Following infection in later stage, ZIKV was less able to gain

access to the fetal brain. These findings are consistent with studies in pregnant women, which

have shown that ZIKV infection at early gestational stages increases the risk of miscarriage and

fetal brain malformation [1, 2]. Similar results have also been reported in several studies of

ZIKV vertical transmission using mouse models [6, 9, 10]. On the other hand, some groups

have shown that maternal infection at E9-E14 may also lead to a high rate of abortion,

by RT-qPCR. The dashed line represents the limits of detection (LOD). Non-parametric Kruskal Wallis test with

Dunn’s multiple comparisons. � P<0.05, �� P<0.01, ��� P<0.001 and ���� P<0.0001.

https://doi.org/10.1371/journal.pntd.0008413.g002
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Fig 3. Characterization of YS-derived microglia progenitors after ZIKV infection in vivo. (A) E11.5 uterus, YS, placenta and embryos

from dams infected by ZIKV at E6.5. Two out of five embryos had undergone resorption (embryos 1 and 2), which were taken out from the

uterus as the black arrow indicated, shown in (a). One of the other three embryos (embryo 5) was taken from the uterus, as shown in (b).

Then, the embryo with the outside YS was carefully separated from the placenta, as shown in (c). In (d), the embryo was separated from the

YS. They were connected by vessels. Scale bar: 5 mm. (B) Representative images of E11.5 YS from mock and ZIKV-infected dams on E6.5.

Red arrow heads indicate blood vessels in the YS, white arrow indicates connecting vessels. (C) Representative confocal images of YS from

mock and ZIKV-infected dam. Microglial progenitors (F4/80, red) co-stained (green) with antibodies against ZIKV E proteins are located

linearly (arrow). Scale bar: 50 μm. (D) Representative confocal images of microglial cells (CX3CR1, red) in the E11.5 YS. (E) Quantitative

analysis of the numbers of F4/80+ cells per area (n = 8 in mock from 5 dams, n = 11 in ZIKV from 6 dams), and the percentage of ZIKV

infected F4/80+ cells in the YS from mock-infected and ZIKV-infected dam (n = 6 in mock from 5 dams, n = 6 in ZIKV from 5 dams).

Unpaired t test, �� P<0.01 and ���� P<0.0001.

https://doi.org/10.1371/journal.pntd.0008413.g003
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significant intrauterine growth restriction and smaller fetal brains [7, 8, 40, 41]. Such a discrep-

ancy may be attributed to different infection routes (intrauterine, intravenous or intraperito-

neal), mouse genetic background, viral strains and infection doses. Particularly, intrauterine

infection bypasses most of the host defense mechanisms, which likely affects the outcome of

fetuses.

The mechanisms of the gestational age-dependent variation in fetal damage following

ZIKV vertical transmission have not been well elucidated. The placenta is the primary barrier

between the mother and the fetus throughout pregnancy [42]. A fully functional placenta is

formed on E10.5 in mice and at the end of the first trimester in humans [43]. ZIKV can traffic

across the placenta to reach the fetus by infecting placental cells (villous trophoblasts, fibro-

blasts, Hofbauer cells and fetal endothelial cells) and compromising the placental barrier [6,

Fig 4. YS-derived microglia progenitors in the E11.5 YS. (A-C) Representative confocal images of various regions in the E11.5 YS from mock-

infected and ZIKV-infected dam on E6.5. Microglial progenitors (F4/80, red) co-stained with antibodies against ZIKV E proteins (green) (arrow).

https://doi.org/10.1371/journal.pntd.0008413.g004
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Fig 5. YS-derived microglia progenitors in the E11.5 embryonic brain. (A) Representative images of E11.5 embryos with the outside YS and

placenta from mock-infected and ZIKV-infected dam on E6.5. (B and C) Representative confocal images of embryonic brains from mock and

ZIKV-infected dams. Microglial progenitors (F4/80, red) co-stained with antibodies against ZIKV E proteins (green) (arrow). (D) Quantitative

analysis of the numbers of F4/80+ cells per area (n = 5 in mock from 5 dams, n = 5 in ZIKV from 5 dams), and the percentage of ZIKV infected

F4/80+ cells in the embryonic brain from mock-infected and ZIKV-infected dam (n = 5 in mock from 5 dams, n = 5 in ZIKV from 3 dams).

Unpaired t test, �� P<0.01 and ���� P<0.0001.

https://doi.org/10.1371/journal.pntd.0008413.g005
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Fig 6. Characterization of YS-derived microglia progenitors after ZIKV infection in vitro. (A) Isolation of microglial progenitors from YS

on E10.5. The YS tissue was isolated into single-cell suspension via mechanical dissociation and chemical digestion (left panels). Most of the

cells touched the bottom of the plate three days after culture (right panels). (B) Representative confocal images of cultured YS-derived

microglial progenitors expressing F4/80 (red) from control (top row) or those infected by ZIKV (bottom row). ZIKV was detected by

antibodies against the E protein (green). Insets are enlarged to the right, showing cells co-labeled with F4/80 marker and ZIKV E proteins
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44–49]. Besides the transplacental route of ZIKV vertical transmission, Tabata et al. also pro-

posed a paraplacental route, in which ZIKV spreads from the parietal decidua to amniochorio-

nic membranes [47]. Viral progeny released into the amniotic fluid may infect vulnerable cells

in the fetal skin [50, 51]. In our studies, equally high ZIKV RNA loads were detected in both

the placenta and amniotic fluid following infection in all gestation stages. However, signifi-

cantly higher RNA loads in the fetal brain were only found after ZIKV infection at E6.5-E8.5

as compared to the later stages. This infection window precedes placenta formation and is

right within the critical period of microglial development, suggesting a role of microglia in

ZIKV vertical transmission before placenta formation.

Mouse microglia originate from YS erythro-myeloid progenitors around E7 to E8, and

begin to colonize the brain at E9.5 to E10.5 after the circulation system to the brain is estab-

lished [33–35, 52, 53]. In humans, the size of the YS progressively increases from 5 to 10 weeks

of gestation, after which it gradually decreases and disappears after 12th week of gestation

(near the end of the first trimester) [54]. YS-derived microglia expand in the central nervous

system and maintain themselves via local proliferation throughout life to become the primary

innate immune defenders of the brain [16, 32, 53]. Both brain and hiPSCs-derived macro-

phages/microglia are susceptible to ZIKV infection [20, 55–58]. In our study, we observed for

the first time that mouse YS-derived microglia progenitors can be infected by ZIKV. Addition-

ally, ZIKV-infected microglia entered the vessels in the YS. It is thus possible that the infected

YS-derived progenitor cells transport ZIKV from mother to embryo, and spread the infection

in the brain after migration.

Here, by using the anti-CSF1R antibody to ablate the microglia progenitors that originate

from the YS, we found that ZIKV RNA loads significantly decreased in the YS, the embryonic

brain and the heart without affecting the viral loads in the dam tissues. Altogether, these results

suggest that YS microglial progenitors serve as “Trojan horses”, contributing to the ZIKV

transfer from the mother to the fetal brain before the complete formation of placenta. An alter-

native explanation could be that the reduction of ZIKV viral load in the embryo brains after

microglia ablation was simply due to the loss of a ZIKV-tropic cell type in the brain. However,

this seems unlikely because the degree of viral reduction in embryo brains did not match the

extent of microglia depletion. It should be noted that the depletion of YS-derived microglia

progenitors did not completely eliminate ZIKV loads in the YS and the embryonic brain. This

may be due to that anti-CSF1R-mediated ablation cannot completely remove YS microglia

progenitors. Alternatively, other progenitor cells in the YS may also act as transporters during

migration if they are susceptible to ZIKV infection [59].

Microglia, besides their immune defensive function, also play an important role in brain

development and behavior function [16, 37, 60–62]. Microglia can modulate normal embry-

onic brain development by affecting the proliferation of NS/PCs, particularly during the peak

of NS/PCs proliferation and differentiation [60]. Thus, ablation of microglia could, in theory,

reduce the number of NS/PCs and consequently the ZIKV RNA load. However, microglia

start to migrate into embryo brains at E9-10, and the effect of microglia ablation on NS/PCs

proliferation is minimal by the time we collected the embryos (E11.5) [18]. Thus, the reduced

numbers of microglia and possibly NS/PCs are unlikely to count for the degree of ZIKV RNA

reduction detected in the E11.5 embryo brains. On the other hand, anti-CSF1R mediates only

(yellow). (C) Quantitative analysis of the percentage of F4/80+ cells after one week culture (n = 6 in mock from 5 dams, n = 8 in ZIKV from 4

dams), and the percentage of ZIKV-infected F4/80+ cells after one week culture (n = 6 in mock from 5 dams, n = 8 in ZIKV from 4 dams).

Unpaired t test, ��� P<0.001. (D) Plaque assay of the culture medium collected from ZIKV-infected YS-derived microglia progenitors. Data

were present as the mean ± SD (n = 4 from 2 dams).

https://doi.org/10.1371/journal.pntd.0008413.g006
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Fig 7. Depletion of YS-derived microglia progenitors after ZIKV maternal infection. (A) Illustration of the experimental design. Anti-CSF1R antibody

was injected intraperitoneally at E6.5 and E7.5 into pregnant mice accompanied by ZIKV subcutaneous inoculation at E6.5 or E8.5. Samples were collected

at E11.5. (B) Representative confocal images of microglial cells (F4/80, red) in the E11.5 YS and the E11.5 embryonic brains with or without anti-CSF1R
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a temporary depletion of the YS and brain microglia, which will gradually come back after

E14.5 and repopulate completely by the first postnatal weeks [37]. Although not causing signif-

icant brain malformation, the microglia ablation during early embryonic stages could induce

long-lasting effects on offspring, such as altering the wiring of forebrain circuits and causing

hyperactivity or anxiolytic-like behavioral problems [37, 62]. As anti-CSF1R efficiently

depletes microglia in both the YS and the embryonic brain, the inflammatory status of micro-

glia per se may have minimal if any effect on brain development in ZIKV-infected embryos. It

will be interesting to determine whether anti-CSF1R could directly reduce ZIKV infection/rep-

lication in microglia. Easley-Neal et al. [63] reported that these antibodies could cross the

blood-brain barrier to exert their function through intraperitoneal injection in adult mice.

Our data show a lack of changes of ZIKV RNA in the dam brain 3–5 days after anti-CSF1R

antibodies treatment (Fig 4I), indicating that the direct antiviral effect of anti-CSF1R unlikely

occurs in this mouse system.

In terms of the effect of microglia depletion on viral infection, Funk et al. demonstrated

that CSF1R inhibition-mediated ablation increased WNV infection in adult mice [64]. We

found that microglial depletion decreases ZIKV infection in the embryonic brain. This dis-

crepancy is most likely attributed to the different populations of microglia with different func-

tional maturation from early developmental (embryo) vs. fully matured (adult) brains [65].

Before E11.5, the microglia in the fetal brain are solely derived from the YS erythro-myeloid

progenitors [18]. In adult mice, monocyte may infiltrate to the brain under inflammation [64,

66, 67]. Monocyte generation begins after E11.5 from the hematopoietic stem cells in the fetal

liver and later in the bone marrow [68, 69]. Thus, the E11.5 embryonic brain in our study con-

tains only microglia originated and migrated from the YS; whereas the fully developed adult

brain contains both resident microglia and infiltrated monocytes derived from the bone mar-

row under certain circumstances. The latter, reported by Funk et al. [64], also contributes to

the virologic control in the CNS.

Modeling neurotropic virus infection is challenging. To mimic the dynamic interaction

between host and virus in human, several animal models have been used. However, the host

responses to viral infection may not be fully shared across species, and there may be species-

specific differences in viral susceptibility. For example, immunocompetent mice are rather

resistant to ZIKV infection because ZIKV NS5 is unable to degrade the antiviral molecule

STAT2 in mice [70, 71]. Genetic engineering to remove type I or/and type II IFN signaling

yielded several mouse models that are susceptible to ZIKV disease. In our Ifnar1−/−×WT

mouse model, the miscarriage rate was 23%, which was close to the nonhuman primates

model reported by Dudley et al. [30]. The hSTAT2 knock-in immunocompetent mouse model

ensues the host immune response, so it is more closely reflects the human disease [72]. How-

ever, mice infected with ZIKV do not show Guillain-Barré syndrome as in human [70]. In

addition, the structure of the mouse placenta is different from that of humans, which may

require higher maternal viremia [70, 73]. Regarding the non-human primate models, several

groups reported that ZIKV infection during early pregnancy resulted in fetal death and exhib-

ited many features of congenital Zika syndrome in human [30, 74, 75]. However, non-human

primate models are very costly, which limits the number of animals studied. In any case, fur-

ther studies in an immunocompetent mouse model such as the recently developed hSTAT2

treatments. Insets are enlarged to the right. Scale bar: 50 μm. (C) Quantitative analysis of the numbers of F4/80+ cells per area in the YS (n = 7 in mock

from 4 dams, n = 14 in ZIKV from 4 dams). Unpaired t test, ���� P<0.0001. (D) Quantitative analysis of the numbers of F4/80+ cells per area in the

embryonic brain (n = 5 in mock from 5 dams, n = 7 in ZIKV from 3 dams). Unpaired t test, ���� P<0.0001. (E) Percentage of resorbed or grossly intact

fetuses after maternal infection with ZIKV on E6.5–8.5 with or without YS-derived microglia progenitors ablation. The n above each bar indicates the

number of pups from 2–7 dams per group. Chi-square test, P<0.0001.

https://doi.org/10.1371/journal.pntd.0008413.g007
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Fig 8. Viral burden after ZIKV maternal infection with depletion of YS-derived microglia progenitors. (A-F)

ZIKV RNA loads in the YS (n = 3 in mock, n = 19 in rPRV, n = 3 in rPRV+IgG, n = 9 in rPRV+anti-CSFR1R, 2–7

dams per group) (A), embryonic brain (n = 3 in mock, n = 17 in rPRV, n = 3 in rPRV+IgG, n = 10 in rPRV+anti-

CSFR1R, 2–6 dams per group) (B), embryonic hearts (n = 3 in mock, n = 10 in rPRV, n = 3 in rPRV+IgG, n = 6 in

rPRV+anti-CSFR1R, 2–5 dams per group) (C), dam cortex (n = 3 in mock, n = 7 in rPRV, n = 2 in rPRV+IgG, n = 3 in
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knock-in mice or in the non-human primate model are warranted to confirm the role of yolk

sac microglia as a general mechanism mediating ZIKV dissemination into embryonic brains.

Author Contributions

Conceptualization: Pei Xu, Xuping Xie, Shannan L. Rossi, Nikolaos Vasilakis, Pei-Yong Shi,

Scott C. Weaver, Ping Wu.

Formal analysis: Pei Xu, Hongjie Xia, Ping Wu.

Funding acquisition: Pei Xu, Javier Allende Labastida, Nikolaos Vasilakis, Pei-Yong Shi, Scott

C. Weaver, Ping Wu.

Investigation: Pei Xu, Chao Shan, Tiffany J. Dunn, Xuping Xie, Hongjie Xia, Junling Gao,

Javier Allende Labastida, Jing Zou, Paula P. Villarreal, Caitlin R. Schlagal, Yongjia Yu, Gra-

cie Vargas, Shannan L. Rossi.

Methodology: Pei Xu, Chao Shan, Tiffany J. Dunn, Hongjie Xia, Gracie Vargas, Shannan L.

Rossi, Ping Wu.

Resources: Shannan L. Rossi, Nikolaos Vasilakis, Pei-Yong Shi, Scott C. Weaver, Ping Wu.

Supervision: Gracie Vargas, Shannan L. Rossi, Nikolaos Vasilakis, Pei-Yong Shi, Scott C.

Weaver.

Validation: Pei Xu.

Visualization: Pei Xu, Jing Zou, Ping Wu.

Writing – original draft: Pei Xu.

Writing – review & editing: Pei Xu, Chao Shan, Tiffany J. Dunn, Xuping Xie, Junling Gao,

Javier Allende Labastida, Jing Zou, Paula P. Villarreal, Caitlin R. Schlagal, Yongjia Yu, Gra-

cie Vargas, Shannan L. Rossi, Nikolaos Vasilakis, Pei-Yong Shi, Scott C. Weaver, Ping Wu.

References
1. Coelho AVC, Crovella S. Microcephaly Prevalence in Infants Born to Zika Virus-Infected Women: A

Systematic Review and Meta-Analysis. Int J Mol Sci. 2017;18(8).

2. Brasil P, Pereira JP, Moreira ME, Ribeiro Nogueira RM, Damasceno L, Wakimoto M, et al. Zika Virus

Infection in Pregnant Women in Rio de Janeiro. N Engl J Med. 2016; 375(24):2321–34. https://doi.org/

10.1056/NEJMoa1602412 PMID: 26943629

3. Shapiro-Mendoza CK, Rice ME, Galang RR, Fulton AC, VanMaldeghem K, Prado MV, et al. Pregnancy

Outcomes After Maternal Zika Virus Infection During Pregnancy—U.S. Territories, January 1, 2016-

April 25, 2017. MMWR Morb Mortal Wkly Rep. 2017; 66(23):615–21.

4. Reynolds MR, Jones AM, Petersen EE, Lee EH, Rice ME, Bingham A, et al. Vital Signs: Update on Zika

Virus-Associated Birth Defects and Evaluation of All U.S. Infants with Congenital Zika Virus Exposure—

U.S. Zika Pregnancy Registry, 2016. MMWR Morb Mortal Wkly Rep. 2017; 66(13):366–73.

5. Kleber de Oliveira W, Cortez-Escalante J, De Oliveira WT, do Carmo GM, Henriques CM, Coelho GE,

et al. 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. 2016; 65(9):242–7.

rPRV+anti-CSFR1R, 2–7 dams per group) (D), dam serum (n = 3 in mock, n = 7 in rPRV, n = 2 in rPRV+IgG, n = 3 in

rPRV+anti-CSFR1R, 2–7 dams per group) (E), and the placenta (n = 3 in mock, n = 10 in rPRV, n = 3 in rPRV+IgG,

n = 8 in rPRV+anti-CSFR1R, 2–3 dams per group) (F), measured by RT-qPCR. One-way ANOVA with a Tukey post

hoc test. The dashed line represents the LOD. � P<0.05, �� P<0.01, ��� P<0.001 and ���� P<0.0001.

https://doi.org/10.1371/journal.pntd.0008413.g008

PLOS NEGLECTED TROPICAL DISEASES Microglia in ZIKV fetal brain dissemination

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008413 July 6, 2020 17 / 21

https://doi.org/10.1056/NEJMoa1602412
https://doi.org/10.1056/NEJMoa1602412
http://www.ncbi.nlm.nih.gov/pubmed/26943629
https://doi.org/10.1371/journal.pntd.0008413.g008
https://doi.org/10.1371/journal.pntd.0008413


6. Miner JJ, Cao B, Govero J, Smith AM, Fernandez E, Cabrera OH, et al. Zika Virus Infection during Preg-

nancy in Mice Causes Placental Damage and Fetal Demise. Cell. 2016; 165(5):1081–91. https://doi.

org/10.1016/j.cell.2016.05.008 PMID: 27180225

7. Jagger BW, Miner JJ, Cao B, Arora N, Smith AM, Kovacs A, et al. Gestational Stage and IFN-λ Signal-

ing Regulate ZIKV Infection In Utero. Cell Host Microbe. 2017; 22(3):366–76.e3. https://doi.org/10.

1016/j.chom.2017.08.012 PMID: 28910635

8. Chen J, Liang Y, Yi P, Xu L, Hawkins HK, Rossi SL, et al. Outcomes of Congenital Zika Disease Depend

on Timing of Infection and Maternal-Fetal Interferon Action. Cell Rep. 2017; 21(6):1588–99. https://doi.

org/10.1016/j.celrep.2017.10.059 PMID: 29117563

9. Valentine GC, Seferovic MD, Fowler SW, Major AM, Gorchakov R, Berry R, et al. Timing of gestational

exposure to Zika virus is associated with postnatal growth restriction in a murine model. Am J Obstet

Gynecol. 2018; 219(4):403.e1-.e9. https://doi.org/10.1016/j.ajog.2018.06.005 PMID: 29902449

10. Yockey LJ, Varela L, Rakib T, Khoury-Hanold W, Fink SL, Stutz B, et al. Vaginal Exposure to Zika Virus

during Pregnancy Leads to Fetal Brain Infection. Cell. 2016; 166(5):1247–56.e4. https://doi.org/10.

1016/j.cell.2016.08.004 PMID: 27565347

11. Tang H, Hammack C, Ogden SC, Wen Z, Qian X, Li Y, et al. Zika Virus Infects Human Cortical Neural

Progenitors and Attenuates Their Growth. Cell Stem Cell. 2016; 18(5):587–90. https://doi.org/10.1016/

j.stem.2016.02.016 PMID: 26952870

12. Li C, Xu D, Ye Q, Hong S, Jiang Y, Liu X, et al. Zika Virus Disrupts Neural Progenitor Development and

Leads to Microcephaly in Mice. Cell Stem Cell. 2016; 19(1):120–6. https://doi.org/10.1016/j.stem.2016.

04.017 PMID: 27179424

13. Garcez PP, Loiola EC, Madeiro da Costa R, Higa LM, Trindade P, Delvecchio R, et al. Zika virus impairs

growth in human neurospheres and brain organoids. Science. 2016; 352(6287):816–8. https://doi.org/

10.1126/science.aaf6116 PMID: 27064148

14. McGrath EL, Rossi SL, Gao J, Widen SG, Grant AC, Dunn TJ, et al. Differential Responses of Human

Fetal Brain Neural Stem Cells to Zika Virus Infection. Stem Cell Reports. 2017; 8(3):715–27. https://doi.

org/10.1016/j.stemcr.2017.01.008 PMID: 28216147

15. Ousman SS, Kubes P. Immune surveillance in the central nervous system. Nat Neurosci. 2012; 15

(8):1096–101. https://doi.org/10.1038/nn.3161 PMID: 22837040

16. Lenz KM, Nelson LH. Microglia and Beyond: Innate Immune Cells As Regulators of Brain Development

and Behavioral Function. Front Immunol. 2018; 9:698. https://doi.org/10.3389/fimmu.2018.00698

PMID: 29706957

17. Yang I, Han SJ, Kaur G, Crane C, Parsa AT. The role of microglia in central nervous system immunity

and glioma immunology. J Clin Neurosci. 2010; 17(1):6–10. https://doi.org/10.1016/j.jocn.2009.05.006

PMID: 19926287

18. Stremmel C, Schuchert R, Wagner F, Thaler R, Weinberger T, Pick R, et al. Yolk sac macrophage pro-

genitors traffic to the embryo during defined stages of development. Nat Commun. 2018; 9(1):75.

https://doi.org/10.1038/s41467-017-02492-2 PMID: 29311541

19. Meertens L, Labeau A, Dejarnac O, Cipriani S, Sinigaglia L, Bonnet-Madin L, et al. Axl Mediates ZIKA

Virus Entry in Human Glial Cells and Modulates Innate Immune Responses. Cell Rep. 2017; 18

(2):324–33. https://doi.org/10.1016/j.celrep.2016.12.045 PMID: 28076778

20. Mesci P, Macia A, LaRock CN, Tejwani L, Fernandes IR, Suarez NA, et al. Modeling neuro-immune

interactions during Zika virus infection. Hum Mol Genet. 2018; 27(1):41–52. https://doi.org/10.1093/

hmg/ddx382 PMID: 29048558

21. Dellacasa-Lindberg I, Fuks JM, Arrighi RB, Lambert H, Wallin RP, Chambers BJ, et al. Migratory activa-

tion of primary cortical microglia upon infection with Toxoplasma gondii. Infect Immun. 2011; 79

(8):3046–52. https://doi.org/10.1128/IAI.01042-10 PMID: 21628522

22. Bielefeldt-Ohmann H, Smirnova NP, Tolnay AE, Webb BT, Antoniazzi AQ, van Campen H, et al. Neuro-

invasion by a ’Trojan Horse’ strategy and vasculopathy during intrauterine flavivirus infection. Int J Exp

Pathol. 2012; 93(1):24–33. https://doi.org/10.1111/j.1365-2613.2011.00795.x PMID: 22264283

23. Rossi SL, Tesh RB, Azar SR, Muruato AE, Hanley KA, Auguste AJ, et al. Characterization of a Novel

Murine Model to Study Zika Virus. Am J Trop Med Hyg. 2016; 94(6):1362–9. https://doi.org/10.4269/

ajtmh.16-0111 PMID: 27022155

24. Yang Y, Shan C, Zou J, Muruato AE, Bruno DN, de Almeida Medeiros Daniele B, et al. A cDNA Clone-

Launched Platform for High-Yield Production of Inactivated Zika Vaccine. EBioMedicine. 2017; 17:145–

56. https://doi.org/10.1016/j.ebiom.2017.02.003 PMID: 28196656

25. Morgan K, Kharas M, Dzierzak E, Gilliland DG. Isolation of early hematopoietic stem cells from murine

yolk sac and AGM. J Vis Exp. 2008(16).

PLOS NEGLECTED TROPICAL DISEASES Microglia in ZIKV fetal brain dissemination

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008413 July 6, 2020 18 / 21

https://doi.org/10.1016/j.cell.2016.05.008
https://doi.org/10.1016/j.cell.2016.05.008
http://www.ncbi.nlm.nih.gov/pubmed/27180225
https://doi.org/10.1016/j.chom.2017.08.012
https://doi.org/10.1016/j.chom.2017.08.012
http://www.ncbi.nlm.nih.gov/pubmed/28910635
https://doi.org/10.1016/j.celrep.2017.10.059
https://doi.org/10.1016/j.celrep.2017.10.059
http://www.ncbi.nlm.nih.gov/pubmed/29117563
https://doi.org/10.1016/j.ajog.2018.06.005
http://www.ncbi.nlm.nih.gov/pubmed/29902449
https://doi.org/10.1016/j.cell.2016.08.004
https://doi.org/10.1016/j.cell.2016.08.004
http://www.ncbi.nlm.nih.gov/pubmed/27565347
https://doi.org/10.1016/j.stem.2016.02.016
https://doi.org/10.1016/j.stem.2016.02.016
http://www.ncbi.nlm.nih.gov/pubmed/26952870
https://doi.org/10.1016/j.stem.2016.04.017
https://doi.org/10.1016/j.stem.2016.04.017
http://www.ncbi.nlm.nih.gov/pubmed/27179424
https://doi.org/10.1126/science.aaf6116
https://doi.org/10.1126/science.aaf6116
http://www.ncbi.nlm.nih.gov/pubmed/27064148
https://doi.org/10.1016/j.stemcr.2017.01.008
https://doi.org/10.1016/j.stemcr.2017.01.008
http://www.ncbi.nlm.nih.gov/pubmed/28216147
https://doi.org/10.1038/nn.3161
http://www.ncbi.nlm.nih.gov/pubmed/22837040
https://doi.org/10.3389/fimmu.2018.00698
http://www.ncbi.nlm.nih.gov/pubmed/29706957
https://doi.org/10.1016/j.jocn.2009.05.006
http://www.ncbi.nlm.nih.gov/pubmed/19926287
https://doi.org/10.1038/s41467-017-02492-2
http://www.ncbi.nlm.nih.gov/pubmed/29311541
https://doi.org/10.1016/j.celrep.2016.12.045
http://www.ncbi.nlm.nih.gov/pubmed/28076778
https://doi.org/10.1093/hmg/ddx382
https://doi.org/10.1093/hmg/ddx382
http://www.ncbi.nlm.nih.gov/pubmed/29048558
https://doi.org/10.1128/IAI.01042-10
http://www.ncbi.nlm.nih.gov/pubmed/21628522
https://doi.org/10.1111/j.1365-2613.2011.00795.x
http://www.ncbi.nlm.nih.gov/pubmed/22264283
https://doi.org/10.4269/ajtmh.16-0111
https://doi.org/10.4269/ajtmh.16-0111
http://www.ncbi.nlm.nih.gov/pubmed/27022155
https://doi.org/10.1016/j.ebiom.2017.02.003
http://www.ncbi.nlm.nih.gov/pubmed/28196656
https://doi.org/10.1371/journal.pntd.0008413


26. Bohlen CJ, Bennett FC, Tucker AF, Collins HY, Mulinyawe SB, Barres BA. Diverse Requirements for

Microglial Survival, Specification, and Function Revealed by Defined-Medium Cultures. Neuron. 2017;

94(4):759–73.e8. https://doi.org/10.1016/j.neuron.2017.04.043 PMID: 28521131

27. Muffat J, Li Y, Yuan B, Mitalipova M, Omer A, Corcoran S, et al. Efficient derivation of microglia-like

cells from human pluripotent stem cells. Nat Med. 2016; 22(11):1358–67. https://doi.org/10.1038/nm.

4189 PMID: 27668937

28. Shan C, Xie X, Muruato AE, Rossi SL, Roundy CM, Azar SR, et al. An Infectious cDNA Clone of Zika

Virus to Study Viral Virulence, Mosquito Transmission, and Antiviral Inhibitors. Cell Host Microbe. 2016;

19(6):891–900. https://doi.org/10.1016/j.chom.2016.05.004 PMID: 27198478

29. Soncin F, Natale D, Parast MM. Signaling pathways in mouse and human trophoblast differentiation: a

comparative review. Cell Mol Life Sci. 2015; 72(7):1291–302. https://doi.org/10.1007/s00018-014-

1794-x PMID: 25430479

30. Dudley DM, Van Rompay KK, Coffey LL, Ardeshir A, Keesler RI, Bliss-Moreau E, et al. Miscarriage and

stillbirth following maternal Zika virus infection in nonhuman primates. Nat Med. 2018; 24(8):1104–7.

https://doi.org/10.1038/s41591-018-0088-5 PMID: 29967348

31. Palis J, Yoder MC. Yolk-sac hematopoiesis: the first blood cells of mouse and man. Exp Hematol. 2001;

29(8):927–36. https://doi.org/10.1016/s0301-472x(01)00669-5 PMID: 11495698

32. RS U, TJ V, ME D. Dynamic Responses of Endothelial Cells to Changes in Blood Flow During Vascular

Remodeling of the Mouse Yolk Sac. Development (Cambridge, England). 2013; 140(19).

33. Ginhoux F, Greter M, Leboeuf M, Nandi S, See P, Gokhan S, et al. Fate mapping analysis reveals that

adult microglia derive from primitive macrophages. Science. 2010; 330(6005):841–5. https://doi.org/10.

1126/science.1194637 PMID: 20966214

34. McGrath KE, Koniski AD, Malik J, Palis J. Circulation is established in a stepwise pattern in the mamma-

lian embryo. Blood. 2003; 101(5):1669–76. https://doi.org/10.1182/blood-2002-08-2531 PMID:

12406884

35. Ginhoux F, Prinz M. Origin of microglia: current concepts and past controversies. Cold Spring Harb Per-

spect Biol. 2015; 7(8):a020537. https://doi.org/10.1101/cshperspect.a020537 PMID: 26134003

36. Sherr CJ, Rettenmier CW, Sacca R, Roussel MF, Look AT, Stanley ER. The c-fms proto-oncogene

product is related to the receptor for the mononuclear phagocyte growth factor, CSF-1. Cell. 1985; 41

(3):665–76. https://doi.org/10.1016/s0092-8674(85)80047-7 PMID: 2408759

37. Squarzoni P, Oller G, Hoeffel G, Pont-Lezica L, Rostaing P, Low D, et al. Microglia modulate wiring of

the embryonic forebrain. Cell Rep. 2014; 8(5):1271–9. https://doi.org/10.1016/j.celrep.2014.07.042

PMID: 25159150

38. G H, J C, Y L, D L, FF A, P S, et al. C-Myb(+) Erythro-Myeloid Progenitor-Derived Fetal Monocytes Give

Rise to Adult Tissue-Resident Macrophages. Immunity. 2015; 42(4).

39. LJ Y KA J, N A, A M, T R, KM M, et al. Type I Interferons Instigate Fetal Demise After Zika Virus Infec-

tion. Science immunology. 2018;3(19).

40. Cugola FR, Fernandes IR, Russo FB, Freitas BC, Dias JL, Guimarães KP, et al. The Brazilian Zika

virus strain causes birth defects in experimental models. Nature. 2016; 534(7606):267–71. https://doi.

org/10.1038/nature18296 PMID: 27279226

41. Vermillion MS, Lei J, Shabi Y, Baxter VK, Crilly NP, McLane M, et al. Intrauterine Zika virus infection of

pregnant immunocompetent mice models transplacental transmission and adverse perinatal outcomes.

Nat Commun. 2017; 8:14575. https://doi.org/10.1038/ncomms14575 PMID: 28220786

42. Arora N, Sadovsky Y, Dermody TS, Coyne CB. Microbial Vertical Transmission during Human Preg-

nancy. Cell Host Microbe. 2017; 21(5):561–7. https://doi.org/10.1016/j.chom.2017.04.007 PMID:

28494237

43. Sones JL, Davisson RL. Preeclampsia, of mice and women. Physiol Genomics. 2016; 48(8):565–72.

https://doi.org/10.1152/physiolgenomics.00125.2015 PMID: 27260843

44. El Costa H, Gouilly J, Mansuy JM, Chen Q, Levy C, Cartron G, et al. ZIKA virus reveals broad tissue

and cell tropism during the first trimester of pregnancy. Sci Rep. 2016; 6:35296. https://doi.org/10.1038/

srep35296 PMID: 27759009

45. Jurado KA, Simoni MK, Tang Z, Uraki R, Hwang J, Householder S, et al. Zika virus productively infects

primary human placenta-specific macrophages. JCI Insight. 2016; 1(13).

46. Quicke KM, Bowen JR, Johnson EL, McDonald CE, Ma H, O’Neal JT, et al. Zika Virus Infects Human

Placental Macrophages. Cell Host Microbe. 2016; 20(1):83–90. https://doi.org/10.1016/j.chom.2016.

05.015 PMID: 27247001

47. Tabata T, Petitt M, Puerta-Guardo H, Michlmayr D, Wang C, Fang-Hoover J, et al. Zika Virus Targets

Different Primary Human Placental Cells, Suggesting Two Routes for Vertical Transmission. Cell Host

Microbe. 2016; 20(2):155–66. https://doi.org/10.1016/j.chom.2016.07.002 PMID: 27443522

PLOS NEGLECTED TROPICAL DISEASES Microglia in ZIKV fetal brain dissemination

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008413 July 6, 2020 19 / 21

https://doi.org/10.1016/j.neuron.2017.04.043
http://www.ncbi.nlm.nih.gov/pubmed/28521131
https://doi.org/10.1038/nm.4189
https://doi.org/10.1038/nm.4189
http://www.ncbi.nlm.nih.gov/pubmed/27668937
https://doi.org/10.1016/j.chom.2016.05.004
http://www.ncbi.nlm.nih.gov/pubmed/27198478
https://doi.org/10.1007/s00018-014-1794-x
https://doi.org/10.1007/s00018-014-1794-x
http://www.ncbi.nlm.nih.gov/pubmed/25430479
https://doi.org/10.1038/s41591-018-0088-5
http://www.ncbi.nlm.nih.gov/pubmed/29967348
https://doi.org/10.1016/s0301-472x(01)00669-5
http://www.ncbi.nlm.nih.gov/pubmed/11495698
https://doi.org/10.1126/science.1194637
https://doi.org/10.1126/science.1194637
http://www.ncbi.nlm.nih.gov/pubmed/20966214
https://doi.org/10.1182/blood-2002-08-2531
http://www.ncbi.nlm.nih.gov/pubmed/12406884
https://doi.org/10.1101/cshperspect.a020537
http://www.ncbi.nlm.nih.gov/pubmed/26134003
https://doi.org/10.1016/s0092-8674(85)80047-7
http://www.ncbi.nlm.nih.gov/pubmed/2408759
https://doi.org/10.1016/j.celrep.2014.07.042
http://www.ncbi.nlm.nih.gov/pubmed/25159150
https://doi.org/10.1038/nature18296
https://doi.org/10.1038/nature18296
http://www.ncbi.nlm.nih.gov/pubmed/27279226
https://doi.org/10.1038/ncomms14575
http://www.ncbi.nlm.nih.gov/pubmed/28220786
https://doi.org/10.1016/j.chom.2017.04.007
http://www.ncbi.nlm.nih.gov/pubmed/28494237
https://doi.org/10.1152/physiolgenomics.00125.2015
http://www.ncbi.nlm.nih.gov/pubmed/27260843
https://doi.org/10.1038/srep35296
https://doi.org/10.1038/srep35296
http://www.ncbi.nlm.nih.gov/pubmed/27759009
https://doi.org/10.1016/j.chom.2016.05.015
https://doi.org/10.1016/j.chom.2016.05.015
http://www.ncbi.nlm.nih.gov/pubmed/27247001
https://doi.org/10.1016/j.chom.2016.07.002
http://www.ncbi.nlm.nih.gov/pubmed/27443522
https://doi.org/10.1371/journal.pntd.0008413


48. Aagaard KM, Lahon A, Suter MA, Arya RP, Seferovic MD, Vogt MB, et al. Primary Human Placental

Trophoblasts are Permissive for Zika Virus (ZIKV) Replication. Sci Rep. 2017; 7:41389. https://doi.org/

10.1038/srep41389 PMID: 28128342

49. Tabata T, Petitt M, Puerta-Guardo H, Michlmayr D, Harris E, Pereira L. Zika Virus Replicates in Prolifer-

ating Cells in Explants From First-Trimester Human Placentas, Potential Sites for Dissemination of

Infection. J Infect Dis. 2018; 217(8):1202–13. https://doi.org/10.1093/infdis/jix552 PMID: 29106643

50. Fujita M, Furukawa F, Horiguchi Y, Ueda M, Kashihara-Sawami M, Imamura S. Regional development

of Langerhans cells and formation of Birbeck granules in human embryonic and fetal skin. J Invest Der-

matol. 1991; 97(1):65–72. https://doi.org/10.1111/1523-1747.ep12478115 PMID: 1711549

51. Kubo A, Nagao K, Yokouchi M, Sasaki H, Amagai M. External antigen uptake by Langerhans cells with

reorganization of epidermal tight junction barriers. J Exp Med. 2009; 206(13):2937–46. https://doi.org/

10.1084/jem.20091527 PMID: 19995951

52. Cuadros MA, Martin C, Coltey P, Almendros A, Navascués J. First appearance, distribution, and origin

of macrophages in the early development of the avian central nervous system. J Comp Neurol. 1993;

330(1):113–29. https://doi.org/10.1002/cne.903300110 PMID: 8468399

53. Palis J, Robertson S, Kennedy M, Wall C, Keller G. Development of erythroid and myeloid progenitors

in the yolk sac and embryo proper of the mouse. Development. 1999; 126(22):5073–84. PMID:

10529424

54. Tan S, PektaşMK, Arslan H. Sonographic evaluation of the yolk sac. J Ultrasound Med. 2012; 31

(1):87–95. https://doi.org/10.7863/jum.2012.31.1.87 PMID: 22215774

55. Lum FM, Low DK, Fan Y, Tan JJ, Lee B, Chan JK, et al. Zika Virus Infects Human Fetal Brain Microglia

and Induces Inflammation. Clin Infect Dis. 2017; 64(7):914–20. https://doi.org/10.1093/cid/ciw878

PMID: 28362944

56. Wang J, Liu J, Zhou R, Ding X, Zhang Q, Zhang C, et al. Zika virus infected primary microglia impairs

NPCs proliferation and differentiation. Biochem Biophys Res Commun. 2018; 497(2):619–25. https://

doi.org/10.1016/j.bbrc.2018.02.118 PMID: 29453985

57. Muffat J, Li Y, Omer A, Durbin A, Bosch I, Bakiasi G, et al. Human induced pluripotent stem cell-derived

glial cells and neural progenitors display divergent responses to Zika and dengue infections. Proc Natl

Acad Sci U S A. 2018; 115(27):7117–22. https://doi.org/10.1073/pnas.1719266115 PMID: 29915057

58. Malmlov A, Bantle C, Aboellail T, Wagner K, Campbell CL, Eckley M, et al. Experimental Zika virus

infection of Jamaican fruit bats (Artibeus jamaicensis) and possible entry of virus into brain via activated

microglial cells. PLoS Negl Trop Dis. 2019; 13(2):e0007071. https://doi.org/10.1371/journal.pntd.

0007071 PMID: 30716104

59. Yamane T. Mouse Yolk Sac Hematopoiesis. Front Cell Dev Biol. 2018; 6:80. https://doi.org/10.3389/

fcell.2018.00080 PMID: 30079337

60. Antony JM, Paquin A, Nutt SL, Kaplan DR, Miller FD. Endogenous microglia regulate development of

embryonic cortical precursor cells. J Neurosci Res. 2011; 89(3):286–98. https://doi.org/10.1002/jnr.

22533 PMID: 21259316

61. Reemst K, Noctor SC, Lucassen PJ, Hol EM. The Indispensable Roles of Microglia and Astrocytes dur-

ing Brain Development. Front Hum Neurosci. 2016; 10:566. https://doi.org/10.3389/fnhum.2016.00566

PMID: 27877121

62. Rosin JM, Vora SR, Kurrasch DM. Depletion of embryonic microglia using the CSF1R inhibitor

PLX5622 has adverse sex-specific effects on mice, including accelerated weight gain, hyperactivity and

anxiolytic-like behaviour. Brain Behav Immun. 2018; 73:682–97. https://doi.org/10.1016/j.bbi.2018.07.

023 PMID: 30056204

63. Easley-Neal C, Foreman O, Sharma N, Zarrin AA, Weimer RM. CSF1R Ligands IL-34 and CSF1 Are

Differentially Required for Microglia Development and Maintenance in White and Gray Matter Brain

Regions. Front Immunol. 2019; 10:2199. https://doi.org/10.3389/fimmu.2019.02199 PMID: 31616414

64. Funk KE, Klein RS. CSF1R antagonism limits local restimulation of antiviral CD8. J Neuroinflammation.

2019; 16(1):22. https://doi.org/10.1186/s12974-019-1397-4 PMID: 30704498

65. Ginhoux F, Lim S, Hoeffel G, Low D, Huber T. Origin and differentiation of microglia. Front Cell Neu-

rosci. 2013; 7:45. https://doi.org/10.3389/fncel.2013.00045 PMID: 23616747

66. Lassmann H, Schmied M, Vass K, Hickey WF. Bone marrow derived elements and resident microglia in

brain inflammation. Glia. 1993; 7(1):19–24. https://doi.org/10.1002/glia.440070106 PMID: 7678581

67. Hickey WF, Kimura H. Perivascular microglial cells of the CNS are bone marrow-derived and present

antigen in vivo. Science. 1988; 239(4837):290–2. https://doi.org/10.1126/science.3276004 PMID:

3276004

PLOS NEGLECTED TROPICAL DISEASES Microglia in ZIKV fetal brain dissemination

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008413 July 6, 2020 20 / 21

https://doi.org/10.1038/srep41389
https://doi.org/10.1038/srep41389
http://www.ncbi.nlm.nih.gov/pubmed/28128342
https://doi.org/10.1093/infdis/jix552
http://www.ncbi.nlm.nih.gov/pubmed/29106643
https://doi.org/10.1111/1523-1747.ep12478115
http://www.ncbi.nlm.nih.gov/pubmed/1711549
https://doi.org/10.1084/jem.20091527
https://doi.org/10.1084/jem.20091527
http://www.ncbi.nlm.nih.gov/pubmed/19995951
https://doi.org/10.1002/cne.903300110
http://www.ncbi.nlm.nih.gov/pubmed/8468399
http://www.ncbi.nlm.nih.gov/pubmed/10529424
https://doi.org/10.7863/jum.2012.31.1.87
http://www.ncbi.nlm.nih.gov/pubmed/22215774
https://doi.org/10.1093/cid/ciw878
http://www.ncbi.nlm.nih.gov/pubmed/28362944
https://doi.org/10.1016/j.bbrc.2018.02.118
https://doi.org/10.1016/j.bbrc.2018.02.118
http://www.ncbi.nlm.nih.gov/pubmed/29453985
https://doi.org/10.1073/pnas.1719266115
http://www.ncbi.nlm.nih.gov/pubmed/29915057
https://doi.org/10.1371/journal.pntd.0007071
https://doi.org/10.1371/journal.pntd.0007071
http://www.ncbi.nlm.nih.gov/pubmed/30716104
https://doi.org/10.3389/fcell.2018.00080
https://doi.org/10.3389/fcell.2018.00080
http://www.ncbi.nlm.nih.gov/pubmed/30079337
https://doi.org/10.1002/jnr.22533
https://doi.org/10.1002/jnr.22533
http://www.ncbi.nlm.nih.gov/pubmed/21259316
https://doi.org/10.3389/fnhum.2016.00566
http://www.ncbi.nlm.nih.gov/pubmed/27877121
https://doi.org/10.1016/j.bbi.2018.07.023
https://doi.org/10.1016/j.bbi.2018.07.023
http://www.ncbi.nlm.nih.gov/pubmed/30056204
https://doi.org/10.3389/fimmu.2019.02199
http://www.ncbi.nlm.nih.gov/pubmed/31616414
https://doi.org/10.1186/s12974-019-1397-4
http://www.ncbi.nlm.nih.gov/pubmed/30704498
https://doi.org/10.3389/fncel.2013.00045
http://www.ncbi.nlm.nih.gov/pubmed/23616747
https://doi.org/10.1002/glia.440070106
http://www.ncbi.nlm.nih.gov/pubmed/7678581
https://doi.org/10.1126/science.3276004
http://www.ncbi.nlm.nih.gov/pubmed/3276004
https://doi.org/10.1371/journal.pntd.0008413


68. Naito M, Takahashi K, Nishikawa S. Development, differentiation, and maturation of macrophages in

the fetal mouse liver. J Leukoc Biol. 1990; 48(1):27–37. https://doi.org/10.1002/jlb.48.1.27 PMID:

2358750

69. Orkin SH, Zon LI. Hematopoiesis: an evolving paradigm for stem cell biology. Cell. 2008; 132(4):631–

44. https://doi.org/10.1016/j.cell.2008.01.025 PMID: 18295580

70. Morrison TE, Diamond MS. Animal Models of Zika Virus Infection, Pathogenesis, and Immunity. J Virol.

2017; 91(8).

71. Grant A, Ponia SS, Tripathi S, Balasubramaniam V, Miorin L, Sourisseau M, et al. Zika Virus Targets

Human STAT2 to Inhibit Type I Interferon Signaling. Cell Host Microbe. 2016; 19(6):882–90. https://doi.

org/10.1016/j.chom.2016.05.009 PMID: 27212660

72. Gorman MJ, Caine EA, Zaitsev K, Begley MC, Weger-Lucarelli J, Uccellini MB, et al. An Immunocom-

petent Mouse Model of Zika Virus Infection. Cell Host Microbe. 2018; 23(5):672–85.e6. https://doi.org/

10.1016/j.chom.2018.04.003 PMID: 29746837

73. Coyne CB, Lazear HM. Zika virus—reigniting the TORCH. Nat Rev Microbiol. 2016; 14(11):707–15.

https://doi.org/10.1038/nrmicro.2016.125 PMID: 27573577

74. Martinot AJ, Abbink P, Afacan O, Prohl AK, Bronson R, Hecht JL, et al. Fetal Neuropathology in Zika

Virus-Infected Pregnant Female Rhesus Monkeys. Cell. 2018; 173(5):1111–22.e10. https://doi.org/10.

1016/j.cell.2018.03.019 PMID: 29606355

75. Mohr EL, Block LN, Newman CM, Stewart LM, Koenig M, Semler M, et al. Ocular and uteroplacental

pathology in a macaque pregnancy with congenital Zika virus infection. PLoS One. 2018; 13(1):

e0190617. https://doi.org/10.1371/journal.pone.0190617 PMID: 29381706

PLOS NEGLECTED TROPICAL DISEASES Microglia in ZIKV fetal brain dissemination

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008413 July 6, 2020 21 / 21

https://doi.org/10.1002/jlb.48.1.27
http://www.ncbi.nlm.nih.gov/pubmed/2358750
https://doi.org/10.1016/j.cell.2008.01.025
http://www.ncbi.nlm.nih.gov/pubmed/18295580
https://doi.org/10.1016/j.chom.2016.05.009
https://doi.org/10.1016/j.chom.2016.05.009
http://www.ncbi.nlm.nih.gov/pubmed/27212660
https://doi.org/10.1016/j.chom.2018.04.003
https://doi.org/10.1016/j.chom.2018.04.003
http://www.ncbi.nlm.nih.gov/pubmed/29746837
https://doi.org/10.1038/nrmicro.2016.125
http://www.ncbi.nlm.nih.gov/pubmed/27573577
https://doi.org/10.1016/j.cell.2018.03.019
https://doi.org/10.1016/j.cell.2018.03.019
http://www.ncbi.nlm.nih.gov/pubmed/29606355
https://doi.org/10.1371/journal.pone.0190617
http://www.ncbi.nlm.nih.gov/pubmed/29381706
https://doi.org/10.1371/journal.pntd.0008413

