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Zika virus (ZIKV) infection causes severe neurological symptoms in adults and
fetal microcephaly and the virus is detected in the brain of microcephaly
and meningoencephalitis patient. However, the mechanism of ZIKV crossing the
physiological barrier to the central nervous systems (CNS) remains elusive. The placental
barrier and the blood brain barrier (BBB) protect the fetus from pathogens and ensure
healthy brain development during pregnancy. In this study, we used human placenta
trophoblasts cells (JEG-3) and human brain-derived endothelial cells (hCMEC/D3) as
in vitro models of the physiological barriers. Results showed that ZIKV could infect JEG-
3 cells effectively and reduce the amounts of ZO-1 and occludin between adjacent cells
by the proteasomal degradation pathway, suggesting that the permeability of the barrier
differentially changed in response to ZIKV infection, allowing the virus particle to cross
the host barrier. In contrast, ZIKV could infect hCMEC/D3 cells without disrupting the
BBB barrier permeability and tight junction protein expression. Although no disruption
to the BBB was observed during ZIKV infection, ZIKV particles were released on the
basal side of the BBB model and infected underlying cells. In addition, we observed that
fluorescence-labeled ZIKV particles could cross the in vitro placenta barrier and BBB
model by transcytosis and the action of transcytosis could be blocked by either low
temperature or pharmacological inhibitors of endocytosis. In summary, the ZIKV uses
a cell-type specific paracellular pathway to cross the placenta monolayer barrier by
disrupting cellular tight junction. In addition, the ZIKV can also cross both the placenta
barrier and the BBB by transcytosis. Our study provided new insights into on the
mechanism of the cellular barrier penetration of ZIKV particles.

Keywords: Zika virus, placental barrier, blood-brain barrier, tight junction, transcytosis, single-virus imaging, ZO-
1, Occludin

INTRODUCTION

The Zika virus (ZIKV), first isolated from the rhesus monkey in 1947 in Uganda (Dick et al.,
1952), is a re-emerging arthropod-borne RNA virus belonging to the Flaviviridae family, which
also include the dengue virus (DENV), the West Nile virus (WNV), the Japanese encephalitis
viruses (JEV) and the yellow fever virus (YFV). Until 2015, most ZIKV infections were deemed
as a mild illness with some common symptoms including headache, fever, arthralgia, rash, myalgia,
edema, arthritis, vomiting, and non-purulent conjunctivitis (Petersen et al., 2016). However, based
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on recent epidemics, ZIKV infection in adult is associated with
the Guillain-Barre’ syndrome and encephalitis (Brasil et al.,
2016; Dos Santos et al., 2016; Soares et al., 2016). Moreover,
vertical transmission of ZIKV from mother to fetus is linked
to the elevating incidences of the congenital Zika syndrome on
fetuses including microcephaly, congenital malformation, and
fetal demise (Cordeiro et al., 2016; Coyne and Lazear, 2016;
Hoen et al., 2018). For those infants born with a normal head,
congenital ZIKV infection may also cause developed postnatal-
onset microcephaly, joint disorders, sensorineural hearing loss,
and eye abnormalities (Fitzgerald et al., 2018). These studies
revealed a wide-spectrum of effects that congenital ZIKV
infection has on fetuses, strongly suggesting the importance of
understanding the mechanisms of vertical transmission.

To reach the fetus brain from the infected mother, ZIKV
needs to pass two major physiological barriers, the placenta and
the blood-brain barrier (BBB). The placenta, a highly specialized
organ formed only during pregnancy, supports the growth
and development of the fetus and is precisely regulated and
coordinated to ensure the maximal efficiency of the exchange
of nutrients and waste products between the maternal and fetal
circulatory systems (Gude et al., 2004). Its principal function
is to supply the fetal brain, with oxygen and nutrients (Burton
and Fowden, 2015). Moreover, the placenta barrier serves as an
essential physiological barrier that protects the fetus from certain
toxic molecules, maternal diseases, and pathogenic infections,
such as viruses (Gude et al., 2004; Delorme-Axford et al.,
2014). The main functional unit of the placenta is the chorionic
villi that is composed of specialized epithelial cells known
as trophoblasts derived from the outer trophectoderm layer.
Trophoblasts construct the epithelial covering of the placenta and
also generate a subpopulation of invasive extravillous trophoblast
cells within which fetal blood is separated by the placental
membrane from the maternal blood (Gude et al., 2004; Burton
and Fowden, 2015). To serve as the initial line of defense
against any pathogens attempting to breach the placental barrier,
trophoblasts constitute a tight polarized epithelial monolayer
comprising tight junctions preventing lateral and paracellular
diffusion of substrates. However, at the present time, our
knowledge regarding virus-host interactions at the maternal-fetal
interface during pregnancy is limited.

While the placenta serves as the first checkpoint to protect
the fetus and support its normal growth and development of
the fetus, the BBB provides the second checkpoint critical to
protect the fetal brain and ensure healthy brain development
(Coyne and Lazear, 2016). The BBB is a boundary that separates
the circulating blood from the brain and the extracellular
fluid in the central nervous system (CNS) (Daneman and
Prat, 2015). The BBB is made up of endothelial cells of the
vasculature forming cell-to-cell tight junctions to limit the
passage of circulating molecules, cells, and pathogens to the CNS
(Stamatovic et al., 2008). Tight junctions containing more than
40 proteins with both transmembrane and cytoplasmic domains
generate a continuous, circumferential, belt-like structure at
the luminal end of the intercellular space, where it serves as
a gatekeeper of the paracellular pathway (Mateo et al., 2015).
Three major transmembrane proteins, claudin, occluding, and

junctional adhesion molecule (JAM), interact with cytoplasmic
proteins including ZO-1, cingulin, afadin and α-catenin, which
anchor strands to the cytoskeleton, resulting in the formation of
cellular tight junctions (Hartsock and Nelson, 2008). Disruption
of the BBB enhances permeability of endothelial cell and is a
hallmark of CNS infection (Daniels and Klein, 2015). However,
recent studies reported that no barrier disruption was observed
when ZIKV gained access to the CNS (Papa et al., 2017; Alimonti
et al., 2018), suggesting that the endocytic transport system
is required for the ZIKV to cross the BBB barrier. Given the
existence of endosomal sorting pathways in different cell types,
it is possible for the BBB cells to employ a similar process of
endosomal transportation (Ayloo and Gu, 2019). However, there
is no investigation on these pathways in BBB endothelial cells,
particularly in the condition under viral infection.

The placental barrier and the BBB protect the fetal brain
development during human pregnancy by forming cellular tight
junctions to limit pathogen paracellular movement under the
normal condition. However, the ZIKV could be detected in
the brains of microcephalic infants, suggesting that the ZIKV
can penetrate the CNS in fetus (Calvet et al., 2016; Mlakar
et al., 2016). There are two possible routes for the viruses to
cross the physiological barriers. One is to disrupt the barrier
integrity. The Rubella virus, cytomegalovirus (CMV), the Human
immunodeficiency virus type 1 (HIV-1), the West Nile virus
(WNV), the Japanese encephalitis virus (JEV), and herpes viruses
are known to breach the placental barriers to reach the CNS (Roe
et al., 2012, 2014; Coyne and Lazear, 2016; Al-Obaidi et al., 2017;
Leibrand et al., 2017; Mittal et al., 2017). The other is through
transcytosis. The hepatitis B virus (HBV) has been reported to
penetrate the placenta barrier by transcytosis in the first trimester
(Bhat and Anderson, 2007). The JEV has also been found to
cross the endothelial cells and pericytes in the BBB in endocytic
vesicles (Liou and Hsu, 1998). These findings indicate that viruses
may cross the barrier not only through the paracellular pathway
but also through transcytosis. Although the ZIKV is detected in
both the amniotic fluid of pregnant women and in microcephalic
fetal brain tissues (Calvet et al., 2016; Mlakar et al., 2016), and
is thus capable of penetrating the CNS from mother to fetus, the
mechanism of such remains unknown. In this study, we would
like to combine the in vitro Transwell barrier assay and a single-
virus tracking (SVT) approach to elucidate the mechanism that
the ZIKV employs to cross the placental and the BBB barriers.

MATERIALS AND METHODS

Cell Culture
The choriocarcinoma cell lines (JEG-3, ATCC R© HTB-36TM) and
African green monkey kidney epithelial cells (Vero, ATCC R©

CCL-81TM) were cultured in a minimum essential medium
(MEM, Gibco) supplemented with 10% fetal bovine serum (FBS,
HyClone), 1% L-glutamine and 1% penicillin/streptomycin (P/S,
Gibco). The immortalized human brain capillary endothelial
cell line hCMEC/D3 (SCC066, Merck) was cultured in the
EndoGROTM-MV Complete Media Kit (Merck). The Vero E6
cell line was cultured in Dulbecco’s modified Eagle’s medium
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(DMEM, Gibco) supplemented with 10% fetal bovine serum
and 1% penicillin/streptomycin. All cells were incubated at 37◦C
with 5% CO2.

ZIKV Amplification
The ZIKV strain PRVABC59 (2015 Puerto Rico strain, GenBank
accession: KU501215) kindly provided by the Centers for Disease
Control, Taiwan, was propagated in Vero E6 cells. Cells were
exposed to ZIKV with multiplicity of infection (MOI) of 0.02
in a serum free DMEM medium and were incubated at 37◦C
with 5% CO2 for 2 h. Afterward, infected cells were replaced
in a low serum DMEM medium containing 2% FBS, 1% P/S
for virus production. At 4th and 7th days post-infection, the
culture medium was collected and cell debris was removed by
centrifugation at 1500 × g for 15 min at 4◦C. Finally, the ZIKV-
containing supernatant was stored at−80◦C.

Immunofluorescence Microscopy
Imaging
For ZIKV infection assays, JEG-3 and hCMEC/D3 cells were
seeded on 3.5 cm dishes and incubated overnight until cells
grown to 80% confluent monolayer, and cells were then infected
with different MOIs of the ZIKV. After 24 h post-infection,
cells were fixed by 4% paraformaldehyde, and permeabilized
by 0.1% Triton X-100 in PBS. The expression of the ZIKV
E protein was recognized by a 1:100 diluted rabbit anti-
ZIKV E antibody (GeneTex, GTX133314) and Alexa-488
conjugated goat anti-rabbit IgG. Nuclear DNA was stained with
4,6-diamidino-2-phenylindole, dihydrochloride (DAPI; Sigma-
Aldrich). Fluorescence images were captured by an Olympus
IX70 microscope equipped with a 20 × objective lens. The
percentage of ZIKV-infected cells was calculated by (ZIKV
E positive cells/total cells) × 100%. The average percentages
in ZIKV-infected cells were collected from three independent
experiments. For tight junction protein expression assays, JEG-
3 cells were seeded on a 3.5 cm glass-bottom plate (Mettek)
until cells grown to 100% confluent monolayer, and then
incubated with/without the ZIKV. After 24 h post-infection, the
cells were fixed by 4% paraformaldehyde and incubated with
ZO-1 (Invitrogen) or occludin (Abcam) antibodies. Afterward,
cells were recognized by the Alexa-488 conjugated secondary
antibody, and nuclear DNA was stained with DAPI (Sigma-
Aldrich). Fluorescence images were captured by a FluoView
1000 confocal microscope (Olympus) equipped with a 60 × oil
immersion objective with a numerical aperture (N.A.) of 1.4.

Cell Viability Assays
To determine cell viability in the presence of various inhibitors or
drugs, a sulforhodamine beta (SRB) assay was performed. JEG-
3 and hCMEC/D3 cells were seeded on 96-well plates. After a
24-h treatment, cells were fixed with 10% trichloroacetic acid at
4◦C for 1 h. Cells were washed with water prior to incubation of
100 µl of 0.5% sulforhodamine beta in 1% acetic acid for 30 min
at RT. Plates were washed four times with 1% acetic acid and air-
dried. SRB was dissolved in 50 µl of 10 mM Tris solution and
absorbance was measured at 510 nm using an ELISA reader.

In vitro Transwell Barrier Assay
To assess the ability of the ZIKV crossing the barrier in vitro,
the virus was added to the media in the apical Transwell insert
(translucent polyethylene terephthalate [PET], 0.4 µm pore size).
The inoculum was left on the cells for 24 h except for the
experiment in which the inoculum was removed after 2 h
and replaced with complete endothelial medium for additional
24 h. The inserts were placed in on a 24-well companion plate
containing Vero cells growing at the bottom of the well. After
24 h post-infection, Vero cells were washed with PBS, and
recognized by an anti-ZIKV E protein antibody and ALEXA488
conjugated goat anti-rabbit IgG, sequentially. Nuclear DNA was
stained with DAPI (Sigma-Aldrich). The percentage of ZIKV-
infected cells was calculated by (ZIKV E positive cells/total
cells)× 100%.

In vitro Transwell Permeability Assays
To test whether the permeability of the physiological barrier
was affected by the ZIKV, FITC-dextran was added to the
media in the apical Transwell insert after the barrier cells
were exposed to the ZIKV for 24 h. The cells were seeded on
the membrane insert in the Transwell chamber, as previously
described. Before FITC-dextran was added to the media in
the apical insert, the inserts were washed twice with a pre-
warmed Krebs-HEPES buffer (99 mM NaCl, 4.7 mM KCl,
1.2 mM MgSO4, 1.0 mM KH2PO4, 19.6 mM NaHCO3,
11.2 mM glucose, 20 mM Na -HEPES, and 2.5 mM CaCl2,
pH 7.4) to remove the residual medium. The inserts were
then placed onto companion plates containing 500 µl of
Krebs-HEPES buffer. Afterward, dextran conjugated with FITC
(FITC-dextran 1 mg/ml) was added to the apical insert
and incubated at 37◦C for 1 h. The insert was removed
and the solution in the plate well (lower chamber) was
collected and measured for fluorescence intensity of FITC-
dextran using a fluorescent plate reader (excitation 492 nm and
excitation 518 nm).

Western Blotting
Infected cells were lysed in RIPA buffer (20 mM Tris–HCl pH
7.5, 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% NP-40,
1% sodium deoxycholate, 2.5 mM sodium pyrophosphate,
1 mM beta-glycerophosphate, 1 mM Na3VO4, 1 µg/ml
leupeptin, and 1 mM PMSF). Proteins were separated by
10% SDS-PAGE and transferred to polyvinylidene fluoride
membranes which were blocked with a blocking buffer (5%
skim milk in TBS with 0.05% Tween 20) and incubated
with primary antibodies in the blocking buffer. Herein, the
rabbit polyclonal anti-ZO-1 (Invitrogen), the rabbit polyclonal
anti-Zika virus E protein (GeneTex, GTX133314), the rabbit
monoclonal anti-Occludin antibody (Abcam), and the rabbit
polyclonal anti- GAPDH were utilized, respectively. After being
washed three times with a blocking buffer, the membrane
was probed with a horseradish peroxidase-conjugated
secondary antibody and developed with an Immobilon
chemiluminescent HRP substrate (Millipore). Blots were
imaged on an Amersham Imager 680.
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RT-qPCR Analysis
Total RNA was extracted using a TRIzol reagent (Invitrogen,
Thermo Scientific-Technologies). cDNA was synthetized from
total RNA (5 µg) using RevertAidTM reverse transcriptase
(Thermo Fisher Scientific). Real-time PCR amplification was
performed using the KAPA SYBRTM FAST qPCR Kits on
BiosystemsTM Real-Time PCR Instruments. Specific primers
for individual genes used for RT-qPCR are: ZO-1 (Forward:
5′- CACCTTTTGATAATCAGCACTCTCA-3′; Reverse: 5′-
CTCTAGGTGCCTGTTCGTAACGT-3′), Occludin (Forward:
5′- TCAGGGAATATCCACCTATCACTTCAG-3′; Reverse: 5′-
CATCAGCAGCAGCCATGTACTCTTCAC-3′), ZIKV E protein
(Forward: 5′- AAGTACACATACCAAAACAAAGTGGT-3′;
Reverse: 5′- TCCGCTCCCCCTTTGGTCTTG-3′), and GAPDH
(Forward: 5′- AAGGTCATCCCTGAGCTGAA-3′; Reverse:
5′-TTCTAGACGGCAGGTCAGGT-3′). Amplification of cDNA
was initiated with 3 min at 95◦C, followed by 50 cycles of 3 s at
95◦C and 30 s at 60◦C.

Preparation of Fluorescence-Labeled
ZIKV Particles
The procedure of virus labeling was performed as previously
described with minor modifications (Chu et al., 2014,
2019). ZIKV particles were pelleted from a ZIKV-containing
supernatant by ultra-centrifugation at 47,000 rpm in a Beckman
50.2Ti rotor for 3.5 h. Virus pellets were resuspended in a HNE
buffer (5 mM HEPES, 150 mM NaCl, and 0.1 mM EDTA, pH
7.4) and further concentrated by ultrafiltration spin columns
(GE healthcare). Concentrated ZIKV particles were labeled
with Atto647N-NHS ester (Sigma-Aldrich), with maximum
absorption at 646 nm and maximum emission at 664 nm. Briefly,
1 × 107 pfu/ml of ZIKV were mixed with 2 nmol of Atto 647N
NHS ester in an HNE buffer for 45 min at room temperature.
The unincorporated dye was separated from fluorescence-labeled
ZIKV particles by a Sephadex G-25 column (GE Healthcare).
The fractions containing Atto647N-labeling ZIKV were detected
by a multimode microplate reader (TECAN 200/200Pro) and
stored at−80◦C.

Plaque Assay
Vero E6 cells were seeded in a 12-well plate with a density
of 1.5 × 105 and incubated at 37◦C with 5% CO2 overnight.
After the cells reached 80–90% confluent, they were washed with
PBS and were infected with 10-fold serial dilutions of the ZIKV
at 37◦C with 5% CO2 for 2 h. Afterward, ZIKV-infected cells
were overlaid with a 1:1 mixture of 2% agarose gel and two-
fold DMEM medium containing 4% FBS and 1% P/S, and then
incubated at 37◦C with 5% CO2. At 4 days post-infection, the
cells were fixed by 10% formaldehyde, and the gels were removed.
Finally, the cells were stained with 1% crystal violet to visualize
plaque formation. The virus titer was quantified by counting
the plaque numbers.

In vitro Barrier Transcytosis Assays
Cells were seeded to 24-well PET cell culture inserts, 0.4-µm pore
size for 7 days, in a two-chambered system. In this system, barrier

cells form a polarized monolayer with tight junctions between
cells, allowing access to both apical and basolateral domains. Cells
were incubated for 30 min with various transcytosis inhibitors
in different concentration, including 10 µM of nystatin (Sigma),
10 µM of chlorpromazine hydrochloride (CPZ, Sigma), 20 µM
of dimethyl amiloride (DMA, Sigma), and 10 µM of colchicine
(Sigma). Drugs were administered to the cells in both apical
and basolateral chambers at identical concentrations. Thereafter,
100 µl of Atto647-ZIKV (2× 106 copies ml−1 of virus) was added
into the upper chamber. After 4 h incubation with cells, all of the
basolateral supernatant was collected. Percent transcytosis was
determined by measuring the fluorescence intensity of Atto647N
through using a fluorescent plate reader.

Statistics Analysis
The student t-test was used for statistical analyses in this study.
The repeat times for each experiment are described in the figure
legends or main text. The software Prism 6 (GraphPad) was used
to perform statistical analysis. Statistical significance is defined
as, n.s., not significant, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001,
∗∗∗∗p < 0.0001.

RESULTS

ZIKV Infects Both JEG-3 Cells and
hCMEC/D3 Cells With No Effect on Cell
Viability
To investigate the mechanism of the ZIKV crossing the placental
barrier and the BBB, we infected JEG-3 cells, which are derived
from trophoblast cells of the placenta and commonly used
in plancental barrier studies, and hCMEC/D3 cells, which are
the immortalized human brain capillary endothelial cell lines
frequently employed in studies of the BBB (Vu et al., 2009;
Rothbauer et al., 2017). To first clarify the infectivity of the ZIKV
in JEG-3 and hCMEC/D3 cells, the viral envelop (E) protein was
detected by immunofluorescence staining with an anti-ZIKV E
protein antibody at 24 h post-infection. Apparently, the ZIKV
E protein was detected in both cell lines in a dosage-dependent
manner (Figure 1A). Results of the quantitative analysis revealed
that the percentage of infected cells could be elevated as MOI
increased (Figure 1B). The ZIKV infected more than 80%
cells at a MOI of 1 and 10 in JEG-3 and hCMEC/D3 cells,
respectively (Figure 1B). Importantly, there was no cytotoxicity
in cell viability of both cell lines among indicated MOI at 24 h
post-infection (Figure 1C).

ZIKV Crosses an in vitro Human
Physiological Barrier Model
Next, we established an in vitro Transwell barrier assay to
investigate whether the ZIKV can cross barrier cells. As shown
in Figure 2A, JEG-3 and hCMEC/D3 cells were, respectively,
seeded on the apical chamber of the inserts, which contained a
permeable membrane, of a 24-well Transwell plate. The inserts
were then placed on a 24-well companion plate containing
pre-seed adherent Vero cells in the basal chamber. ZIKV
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FIGURE 1 | The infectivity and virulence of ZIKV in JEG-3 and hCMEC/D3 cells. (A) The immunofluorescence images of ZIKV E protein revealed the population of
ZIKV-infected cells in JEG-3 (MOI of 0.25 to 1) and hCMEC/D3 cells (MOI of 1 to 10) at 24 h post-infection. The ZIKV E protein antibody was recognized by an
Alex488-secondary antibody (green). Nuclear DNA was stained with DAPI (blue). Scale bar, 20 µm. (B) The percentage of infected cells was quantified from (A).
(C) JEG-3 cells were infected ZIKV at MOI of 0.5 to 1, and hCMEC/D3 cells were infected ZIKV at MOI of 5 to 10 during 24 h. The virulence of ZIKV in JEG-3 and
hCMEC/D3 was measured by a cell viability assay. The error bars represent standard deviations from three independent experiments. Statistical differences were
obtained through t-tests. **p < 0.01; ***p < 0.001.

was added on the top of the inserts at a MOI of 0.5. If
ZIKV particles could cross barrier cells, they would exist in
the basal chamber and infect into Vero cells. The existence
of the ZIKV in Vero cells was detected by immunostaining
using an anti-ZIKV E protein antibody. The results showed
clearly that the ZIKV E protein could be detected in Vero

cells in either JEG-3 and hCMEC/D3 cells as barrier cells
(Figure 2B). These results indicated that the ZIKV could cross
the human physiological barrier cells. It is possible for the
ZIKV to cross barrier cells by altering the permeability of
barrier cells. To investigate this possibility, the permeability of
the cells was examined by using FITC-dextran as an indicator

Frontiers in Microbiology | www.frontiersin.org 5 February 2020 | Volume 11 | Article 214

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-00214 February 18, 2020 Time: 17:51 # 6

Chiu et al. Zika Virus Crossing Physiological Barriers

FIGURE 2 | ZIKV crossed in vitro human physiological barriers. (A) A schematic diagram depicts a virus crossing in vitro barrier cells. (B) The immunofluorescence
images of the ZIKV E protein revealed ZIKV-infected Vero cells cultured in a basal chamber through a JEG-3 barrier at a MOI of 0.5 or hCMEC/D3 barrier at MOI of
10 at 24 h post-infection. The ZIKV E protein antibody was recognized by an Alex488-secondary antibody (green). Nuclear DNA was stained with DAPI (blue). Scale
bar, 50 µm. (C) FITC-dextran (40 kDa) was used to validate the permeability of a JEG-3 barrier at 24 h post-infection. The FITC-dextran of the basal chamber was
collected and analyzed by a plate reader. The fold change of the FITC signal compared with the mock group was drawn in (C). 12.5 µM of EDTA was used as a
positive control. The permeability of an hCMEC/D3 barrier at 24 h ZIKV post-infection was measured in (D). The error bars represent standard deviations from three
independent experiments. *p < 0.05; **p < 0.01; ****p < 0.0001.

in the in vitro Transwell barrier assay. FITC-dextran was
added in the apical chamber after 24 h post-infection. If ZIKV
infection could alter cell permeability, the signal of FITC-
dextran should be detected in the basal chamber. Compared
with the mock group, ZIKV infection did increase FITC-dextran
signal significantly when JEG-3 cells were used as barrier cells
(Figure 2C). In contrast, there was no significant change of the
FITC-dextran signal between the mock group and the ZIKV-
infected group when hCMEC/D3 cells were used as barrier
cells (Figure 2D). Ethylenediaminetetraacetic acid disodium
salt (EDTA) that can increase cell permeability was used as a
positive control. These results suggested that the ZIKV may
cross the placenta barrier by changing the permeability of the
barrier cells. In contrast, the ZIKV crosses the BBB barrier cells
but does not change the permeability of the BBB barrier cells

(Figures 2B,C), suggesting no barrier leakage when the ZIKV
crossed the BBB.

ZIKV Down-Regulated the Expression of
Tight Junction Protein Through a
Proteasomal Degradation Pathway
Given that the leakage of FITC-dextran was increased by
ZIKV infection in the in vitro placenta barrier model but
not in the BBB barrier model (Figures 2C,D), it raised a
possibility that the disruption of the tight junction of JEG-3 is
associated with the barrier leakage because the tight junctions
of trophoblasts epithelial cells bear critical barrier functions for
protection against a paracellular spread of various pathogens,
including viruses (Delorme-Axford et al., 2014). To investigate
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this hypothesis, the expression of two tight junction proteins, ZO-
1 and occludin were examined in JEG-3 as well as hCMEC/D3.
The results of the western blotting assay clearly depicted a
decreasing expression of ZO-1 and occludin in JEG-3 cells in
the presence of ZIKV infection compared to that in the mock
control group (Figure 3A). In contrast, there was no significantly
different expression of ZO-1 and occludin between the ZIKV-
infected group and the mock control group in hCMEC/D3
cells (Figure 3B). To further confirm the disruption of tight
junction by ZIKV infection in JEG-3 cells, the distribution of
ZO-1 and occludin were detected by an immunofluorescence
assay. Confocal imaging revealed that tight junctions formed
continuous seals between adjacent cells in the absence of ZIKV
infection (Figure 3C). In contrast, ZIKV infection disrupted
the continuity of occludin and ZO-1 in JEG-3 cells (white
arrows in Figure 3C, left panel). The integrity of junctional ZO-
1and occludin of JEG-3 cells was quantified by measuring the
branch length of segments. The results demonstrated that ZIKV
infection declined the integrity of tight junction of JEG-3 cells
(Figure 3C, right panel).

To further investigate the regulatory mechanism of ZIKV-
induced decreased of ZO-1 and occludin expression, mRNA
levels of these two proteins isolated from JEG-3 and hCMEC/D3
cells in the absence or presence of ZIKV infection were
determined by RT-qPCR. The results of RT-qPCR depicted no
significant change of mRNA level of ZO-1 and occludin in
both JEG-3 and hCMEC/D3 cells regardless of ZIKV infection
(Figures 4A,B). These data suggested that the down regulation of
ZO-1 and occludin expression in JEG-3 cells might be regulated
at the post-transcription level. To confirm this speculation, prior
to ZIKV infection, JEG-3 cells were treated individually by a
series of pharmacological inhibitors including bafilomycin (BFA),
MG132, and chloroquine (CQ), which target either autophagic
or proteasomal degradation pathways, the two major cellular
pathways mediating protein degradation. As shown in Figure 4C,
the expression of ZO-1 and occludin repressed by ZIKV infection
could be notably rescued only by MG132, a proteasome inhibitor,
but not by either BFA, an inhibitor for both V-ATPase-dependent
acidification and autophagosome-lysosome fusion or CQ, an
inhibitor for fusion of autophagosomes and lysosomes. Taken
together, these results demonstrated that ZIKV infection causes
the leakage of the placenta barrier through the disruption of
cellular tight junction via the proteasomal degradation pathway.

Visualization of Transcytosis of ZIKV
It has been reported that transcytosis, a series action to transport
macromolecules intracellularly through the vesicular system, is
a common strategy for molecules crossing impermeable barriers
under normal physiological condition (Tuma and Hubbard,
2003). Therefore, we would like to conduct a single-virus imaging
analysis to investigate whether ZIKV particle can also cross
barriers cells by transcytosis in in vitro Transwell barrier models.
To visualize single ZIKV particles directly, ZIKV particles
were labeled with a fluorescence dye, atto647N, by conjugating
atto647N-NHS ester with the amino group of the viral envelope
protein. The atto647N-labeled ZIKV particles were purified
through a Sephadex G-25 size-exclusion column. Compared to

the fractions containing the 40 nm fluorosphere (Figure 5A, solid
circles), the fluorescent signals of atto647N existent from Fraction
6 to Fraction 10 (Figure 5A, solid squares) indicated atto647N-
labeled ZIKV particles (atto647N-ZIKV) because the diameter
of a single ZIKV particle is approximately 50 nm (Sirohi et al.,
2016; Sevvana et al., 2018). No fluorescence signal was detected
within the same range of fractions from the Dye-free ZIKV group
(Figure 5A, solid triangles). These results confirmed a successful
conjugation of ZIKV particles with atto647N. The infectivity of
atto647N-ZIKV particles was then measured by a plaque assay.
Both dye-free ZIKV and atto647N-ZIKV presented similar virus
titers, suggesting no significant influence on ZIKV infectivity by
the atto647N labeling procedure (Figure 5B).

Given that transcytosis is a characteristic pathway of
intracellular trafficking that allows a selective and rapid
transcellular transport from the apical side to the basolateral side
within a cell, and the intracellular transport is a temperature-
dependent process that can be inhibited at 4◦C, in contrast to
the paracellular transport (Morad et al., 2019), we speculated that
the energy-dependent intracellular transport of virus particles
should be inhibited at 4◦C. Therefore, using an in vitro Transwell
barrier assay, we would like to investigate whether the ZIKV
can penetrate a monolayer of barrier cells at 4◦C and 37◦C by
directly measuring the fluorescence intensity of atto647N signals
in the basal chamber of a Transwell plate. In both JEG-3 and
hCMEC/D3 cells, atto647N-ZIKV particles were significantly
decreased in the basal chamber at 4◦C condition, compared to
that at 37◦C (Figure 5C). In contrast to atto647N-ZIKV particles,
there was no difference of FITC-dextran in the basal chamber of
Transwell plate at both 4◦C and 37◦C (Figure 5D). These results
implied that the ZIKV can cross monolayers of either JEG-3 or
hCMEC/D3 cells through a temperature-dependent transcytosis.
To directly visualize the transcytosis of ZIKV particle across a
monolayer of barrier cells, we infected a monolayer of JEG-3
cells on a 3.5 cm glass-bottom plate with Atto647N-ZIKV and
acquired confocal imaging at 0, 30, and 60 min post-infection.
JEG-3 cells were stained with DAPI and WGA488 to indicate the
positions of nucleus and cell membrane, respectively. As shown
in Figure 6A, Atto647N-ZIKV particles were only detected on
the surface of the JEG-3 monolayer at the initial time point
(0 min). Apparently, Atto647N-ZIKV particles were internalized
into cytoplasm and moved from the apical side to the basal side
of the cells at 30- and 60-min post-infection (Figure 6A). The
similar results also can be observed in hCMEC/D3 monolayers
(Figure 6B). These results elucidated that ZIKV particles might
be directly transported across the monolayer of barrier cells by
transcytosis without undergoing the viral replication process.

ZIKV Transport Can Be Blocked by
Endocytosis and Microtubule Inhibitors
Endocytosis recognized as the responsible mechanism of
molecule transcytosis inside the cells contains various pathways
including caveolae-dependent endocytosis, clathrin-coated
vesicle-mediated endocytosis and macropinocytosis. To
further examine endocytic pathways for ZIKV entrance into
barrier cells, we pretreated barrier cells with pharmacological
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FIGURE 3 | ZIKV infection decreased expression of the tight junction protein ZO-1 and Occludin in JEG-3 but not hCMEC/D3. (A) Western blotting depicted that the
amount of ZO-1 and Occludin decreased in JEG-3 cells at 24 h post-infection. The amount of ZO-1 and Occludin was normalized by β-actin and GAPDH,
respectively. Comparison with the mock group was quantified in the right panel. Statistical differences were obtained through t-tests. **p < 0.05. (B) Western blotting
depicted that the expression of ZO-1 and Occludin were not affected in hCMEC/D3 cells with ZIKV infection. The amount of ZO-1 and Occludin was normalized by
GAPDH, and quantified in the right panel. (C) The distribution of ZO-1 and Occludin in JEG-3 cells with/without ZIKV infection were imaged by confocal microscopy.
The white arrows indicate the disruption of ZO-1 and Occludin. Scale bar, 20 µm. The tight junction integrity of ZO-1 and occludin were measured by the Skeletonize
plug-in of ImageJ software. The length of segments in each group (n = 50) were measured and quantified as right histograms. **p < 0.01, ***p < 0.001.
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FIGURE 4 | ZIKV infection decreased the accumulation of tight junction proteins through post-transcription regulation. (A) The mRNA levels of ZO-1, Occludin and
ZIKV-E in JEG-3 cells upon ZIKV infection were quantified by RT-qPCR. Data were normalized by GAPDH. The fold changes of mRNA were compared with the mock
group. The mRNA levels of ZO-1, Occludin and ZIKV-E in hCMEC/D3 upon ZIKV infection are shown in (B). The error bars represent standard deviations from three
independent experiments. (C) Western blotting depicts the accumulation of ZO-1 and Occludin in JEG-3 cells with various inhibitors treatments upon ZIKV infection.
The amount of ZO-1 and Occludin was normalized by GAPDH. The fold changes of protein expression compared with the mock group in each term were quantified
in the right panel. The error bars represent standard deviations from three independent experiments. *p < 0.05.

inhibitors including Nystatin, chlorpromazine (CPZ), and
dimethyl amiloride (DMA), which specifically inhibit caveolae-
dependent endocytosis, clathrin-dependent endocytosis, and
micropinocytosis, respectively. Colchicine, an inhibitor to
prevent microtubule polymerization was used to disrupt
intracellular trafficking. The concentration of inhibitors used
in the current study did not cause cytotoxicity or increase
cellular permeability in both JEG-3 and hCMEC/D3 cells
(Figures 7A,B). Compared to the control group, the treatment of
the three pharmacological inhibitors of endocytosis decreased the
intensity of atto647N signals in the basal chamber of a Transwell
plate (Figure 7C), suggesting that endocytosis might be essential
for the ZIKV to cross the monolayer of barrier cells. In addition,
the treatment of colchicine also reduced atto647N intensity in
the basal chamber (Figure 7C), which indicated the requirement

of microtubule polymerization for intracellular trafficking of
the ZIKV. To further quantify the effect of inhibitors on the
ZIKV crossing barrier cells, the titers of ZIKV isolated from the
basal chamber 3 h post-infection were determined by a plaque
assay. The results depicted that all four inhibitors reduced viral
titers in the basal chamber, compared to that in the control
group (Figure 7D). Taken together, these results suggested that
transcytosis may be an important pathway for the ZIKV to cross
the placental barrier and the BBB.

DISCUSSION

In this study we investigated the pathways for the ZIKV
crossing the endothelial cell monolayer of both the placenta
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FIGURE 5 | Detection of ZIKV transcytosis. (A) Fluorescence intensity profiles of elution from a Sephadex G-25 size-exclusion column is shown. An Atto647N-ZIKV
particle was purified within the fraction layer 6 to 10 from gel filtration (solid squares). No fluorescence signal was detected in Atto647N-free ZIKV (solid triangles)
within the same fraction layers. The 40 nm fluorescence microspheres were used as a size marker (solid circles). (B) Plaque assays were performed to determine the
infectivity of the Atto647N-ZIKV. Dye-free ZIKV was used as a control. Both virus samples were purified from the same fractions of the Sephadex G-25 column.
(C) Atto647N-ZIKV was used to validate virus crossing efficiency in JEG-3 and hCMEC/D3 barriers at 37 or 4 ◦C. (D) FITC-dextran was used to validate the
permeability of JEG-3 and hCMEC/D3 barriers in (C) condition. The error bars represent standard deviations from three independent experiments. **p < 0.01,
***p < 0.001.

barrier and the BBB. Using fluorescence-tagged dextran as an
indicator, our results revealed that ZIKV infection enhanced
cellular permeability in JEG-3 cells but not in hCMEC/D3 cells.
Moreover, in JEG-3 cells, ZIKV infection reduces the amount
of tight junction proteins, ZO-1 and occludin, through the
proteasomal degradation pathway, resulting in disruption of tight
junction. In contrast, using fluorescence-labeled ZIKV particles
and pharmacological inhibitors of endocytosis, we demonstrated

transcytosis as an additional pathway for the ZIKV crossing
the monolayer of JEG-3 and hCMEC/D3. As summarized in
Figure 8, our current study elucidated that the ZIKV uses
a cell-type specific paracellular pathway to cross the placenta
monolayer barrier by disrupting cellular tight junction. In
addition, the ZIKV can also cross both the placenta barrier
and the BBB by transcytosis (Figure 6). The present study
provides new insights on cellular barrier penetration of ZIKV
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FIGURE 6 | Visualization of ZIKV transcytosis. The ZX images of confocal microscopy depicted the distribution of atto647-ZIKV from the apical side to the
basolateral side within JEG-3 cells (A) and hCMEC/D3 cells (B) at 0, 30, and 60 min post-infection. The white arrows indicated att647-ZIKV particles (red) (A,B).
Nucleus was stained by DAPI staining (blue in A), and cell membrane was stained by WGA488 (green) (A,B).

particles, which may facilitate the development of anti-ZIKV
agents in the future.

Several lines of evidence showed the existence of ZIKV
antigens in the chronic villi of a human placenta from a mother
who gave birth to an infant with microcephaly (Calvet et al.,
2016), and isolation of ZIKV RNA from placental tissue of
mice infected with the ZIKV (Caine et al., 2018), suggesting
that the ZIKV may penetrate the placental barrier to infect the
infant brain. Recent studies reported that the ZIKV is able to
infect and replicate in Hofbauer cells that are primary human
placental macrophages and in cytotrophoblasts, suggesting a
route of intrauterine transmission that the ZIKV crosses the fetal

compartment by directly infecting the placental cells (Quicke
et al., 2016). In this study, we revealed that the ZIKV could
cross the placenta barrier with both paracellular and transcytosis
(Figures 2, 5–7). Normally, microorganisms spreading through
epithelial tissues are blocked by tight junctions and adherent
junctions present on apical and basolateral surfaces, respectively
(Mateo et al., 2015). However, our data revealed that ZIKV
infection causes leakage of the placental barrier by disrupting
the integrity of the tight junction of the barrier cells (Figures 2,
3). Further investigation elucidated that the breakdown of
the tight junction in the placental barrier cells is due to a
decrease in the amounts of ZO-1 and occludin, two essential
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FIGURE 7 | ZIKV transcytosis across JEG-3 and hCMEC/D3 barriers can be reduced by endocytosis and microtubule inhibitors. (A) The cell viabilities of JEG-3 and
hCMEC/D3 with/without various inhibitors treatment were analyzed by a SRB assay. (B) The permeability of JEG-3 and hCMEC/D3 barriers with/without various
inhibitors treatment were validated by detecting FITC-dextran across cell barriers. (C) Atto647-ZIKV was used to validate virus crossing efficiency in JEG-3 and
hCMEC/D3 barriers with/without inhibitors treatment. (D) A plaque assay was used to measure the virus titers across JEG-3 and hCMEC/D3 barriers with/without
various inhibitor treatments. All results are depicted as fold changes compared to the non-treatment control. The error bars represent standard deviations from three
independent experiments. *p < 0.05; **p < 0.01; ****p < 0.0001.
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FIGURE 8 | A schematic diagram depicts the mechanism of the ZIKV crossing human physiological barriers. In the placenta barrier, ZIKV infection can lead to
disruption of tight junction that results in the ZIKV crossing through the leakage of tight junction. In addition, the ZIKV can also transport from the apical side to the
basolateral side through the transcytosis pathway (top panel). In the blood-brain barrier, the ZIKV can transport from the apical side to the basolateral side through
the transcytosis pathway, but does not alter the permeability of the barrier (bottom panel).

tight junction proteins, through the proteasomal degradation
pathway (Figure 4). In contrast to the direct infection pathway
(Quicke et al., 2016), our results proposed a paracellular pathway
for the ZIKV crossing the placental barrier by disrupting the
cellular tight junction of the barrier cells through degradation
of ZO-1 and occludin. The activation mechanism of the
proteasomal degradation pathway by ZIKV infection remains to
be further investigated.

Using a SVT approach, we provided evidence to elucidate
that the ZIKV can cross the in vitro placenta model through
transcytosis (Figure 6A). Maternal-fetal transmission of a
number of viruses by transcytosis in the placenta has been
proposed previously (Bhat and Anderson, 2007). Given that

transport of maternal IgG across the placenta is minimal
during the first trimester and rises dramatically between
22 and 26 weeks of gestation (Simister and Story, 1997;
Palmeira et al., 2012), Matthew al. showed that DENV
cross-reactive mAbs bound to the ZIKV undergo FcRn-
mediated transcytosis across the placenta to productively
infect human placental macrophages (Zimmerman et al.,
2018). In the current study, the ZIKV crossing the placenta
barrier cells was directly visualized by using Atto647N-
ZIKV particles (Figure 6A). These results provide strong
evidence demonstrating the straight passing of viral
particles across the placental barrier rather than a release of
newly produced viral particles after replication. Moreover,
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the action of ZIKV transcytosis could be inhibited by treatments
with endocytosis inhibitors and colchicine (Figure 7). Taken
together, we demonstrated that both the paracellular pathway
and the transcytosis pathway are utilized by ZIKV to cross the
placenta barrier (Figure 8, top panel). Further studies will be
needed in order to illustrate how ZIKV particles select a pathway
to cross the placenta barrier and whether they require a specific
receptor for ZIKV to interact with.

In addition to the placenta barrier, the BBB is the other
important barrier that protect the fetal brain development during
pregnancy (Goasdoue et al., 2017). A number of neurotropic
viruses enter the CNS by using various pathways including direct
transport from peripheral nerves, transinfection and transcytosis
(Mustafa et al., 2019). In the current study, the ZIKV can cross
brain endothelial cells and release of infectious virus particles,
without an increase of endothelial monolayer permeability and
no significant cytotoxicity in vitro (Figures 1, 2, 7). This is
in agreement with previous studies showing the ZIKV crosses
the BBB monolayer without the BBB barrier disruption (Papa
et al., 2017; Alimonti et al., 2018). However, our studies showed
that there were infectious atto647N-labeled virus particles that
crossed the monolayer of BBB barrier cells in the presence of
the treatment of endocytic inhibitors (Figures 7C,D), suggesting
that we still cannot exclude the possibility that some viral
particles selectively modulate tight junctions and cross the
bottom chamber via paracellular diapedesis without overtly
disrupting the BBB permeability. Furthermore, although in vivo
experiment models proposed that the ZIKV crosses the BBB with
no severe disruption, barrier breakdown was detected at a later
post-infection time (Papa et al., 2017). Because ZIKV infection
may recruit leukocyte to the brain and induce neuron lesion and
death (Jurado et al., 2018; Mustafa et al., 2019), it is possible that
later BBB disruption may be triggered by inflammatory response
rather than ZIKV-induced proteasomal degradation.

Understanding the pathways for ZIKV passing through
physiological barriers, the placental barrier and the BBB, furthers
our understanding of the pathophysiology of the ZIKV and
provides a basis for developing anti-ZIKV drugs in a relevant
cell type. Given that the activation of the proteasome degradation
pathway to disrupt tight junction protein participates in a
paracellular pathway for the maternal-fetal transmission of the
ZIKV by disrupting tight junction proteins (Figures 2–4), it may
lead to a new anti-ZIKV approach to maintain the integrity

of tight junction and inhibit the process of viral extravasation
in the placental by blocking degradation of the tight junction
protein. In addition, our findings offer evidence that transcytosis
may be a common strategy for the ZIKV to cross both the
placental barrier and the BBB (Figures 5–7). Since transcytosis
is a critical pathway to transport macromolecules intracellularly
through the vesicular system (Tuma and Hubbard, 2003), it may
not be a good druggable target to treat ZIKV infection. Therefore,
further studies to reveal whether there is a specific interaction
of the ZIKV with the transcytosis machine will facilitate the
development of new anti-ZIKV agents.
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