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A B S T R A C T   

During the Zika fever outbreak in Brazil in 2015–2016, only some babies from infected mothers had teratogenic 
effects, suggesting that cofactors may influence congenital transmission. We investigated the ZIKV infection 
profile in explants and isolated cells from full-term human placenta to infection with the Brazilian Zika virus 
strain (ZIKVBR) and the effect of coinfection with the Brazilian Human alphaherpesvirus 2 strain (HSV-2BR) on 
ZIKV replication. We found that the ZIKVBR infect the explants of amniotic and chorionic membranes, as well as 
chorionic villi core, but not the trophoblasts layer. It was also observed that ZIKV replication was higher in 
amniotic cells than chorionic and trophoblasts cells. Upon coinfection, the replication of ZIKVBR was reduced 
according to exposed HSV-2BR load in trophoblasts cells and the levels of TNF-α and IL-6 cytokines were also 
reduced. These findings suggest that the placental cell types and HSV-2BR coinfection may impact on ZIKV 
replication.   

1. Introduction 

The Zika virus (ZIKV) is an emerging flavivirus that is transmitted 
primarily by mosquitoes of the genus Aedes, which causes mild and self- 
limited illness in the majority of affected individuals (Weaver et al., 
2016; Brown et al., 2019). The ZIKV virus spread throughout the 
Americas in 2015–2016, triggering an outbreak that affected pregnant 
women especially in the northeastern region of Brazil (de Oliveira et al., 
2017; Netto et al., 2017). During this period, there was a considerable 
increase in the number of babies born with congenital abnormalities, 
particularly microcephaly, with more than 200,000 possible ZIKV cases 
and nearly 3000 cases of microcephaly (MS, 2017; Platt and Miner, 
2017). Detection of the genome and viral antigen in fetal/placental 
tissues and amniotic fluid confirmed the association between ZIKV and 

congenital abnormalities (Brasil et al., 2016; Calvet et al., 2016; Mlakar 
et al., 2016; Noronha et al., 2016). Congenital Zika syndrome was later 
defined based on several clinical manifestations observed in babies 
infected with ZIKV (Chan et al., 2016; Moore et al., 2017; Platt and 
Miner, 2017). 

The virus needs to cross the placental barrier to reach the fetus, some 
possible routes of ZIKV transmission have been demonstrated (Tabata 
et al., 2016; Petitt et al., 2017; Quicke et al., 2016). By the placental 
route, infected maternal blood bathes the chorionic villus and breaks the 
placental barrier (Tabata et al., 2016), in this way Hofbauer cells 
(placental macrophages) could contribute as a Trojan horse carrying the 
virus through fetal blood vessels (Quicke et al., 2016). By the para-
placental route, the infection of the uterine parietal decidua cells 
spreads to the amniochorionic membrane reaching the amniotic fluid 
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and the fetus (Tabata et al., 2016). Furthermore, literature data reported 
that ZIKV infects different placental cells at any time during pregnancy, 
including the first and third trimesters (Noronha et al., 2016). However, 
it is more severe when the infection occurs in the first trimester (Jab-
rane-Ferrat and Veas, 2020; Johansson et al., 2016). Due to ethical 
concerns with the use of first trimester placenta, trophoblasts cell lines 
such as JEG-3 have been widely used as a model for physiological studies 
of trophoblasts (Turco et al., 2018). In fact, studies with JEG-3 tropho-
blasts have demonstrated their permissiveness to ZIKV infection with 
expression of important viral entry cofactors, such as TIM1, which is 
expressed by primary cytotrophoblasts of mid- and late-gestation 
(Tabata et al., 2016). A study using JEG-3 cells as physiological bar-
rier showed that ZIKV could cross the placental barrier by reducing tight 
junctions and by transcytosis (Chiu et al., 2020). This trophoblasts line 
has also been used for studies of therapy and antiviral activity (Vasireddi 
et al., 2019; Muthuraj et al., 2021; Lee et al., 2019). 

Interestingly, ZIKV transmission to the fetus does not occur in all 
infected mothers, suggesting that cofactors such as genetic factors 
(Butler, 2016; Rossi et al., 2019), nutritional factors (Barbeito-Andrés 
et al., 2020), and coinfections (Moreira-Soto et al., 2018; Campos et al., 
2018) play a role in congenital transmission. It is unclear how or when 
viral coinfections in pregnant women harm the fetus; in fact, microor-
ganism combination may result in multifactorial pathogenicity (Pan-
chaud et al., 2016). 

The roles of human immunodeficiency virus (HIV), chikungunya 
virus (CHIKV), and dengue virus (DENV-2) have all been studied in the 
context of ZIKV infection (Prata-Barbosa et al., 2018; Rabelo et al., 2017; 
Villamil-Gómez et al., 2016). However, the association between TORCH 
pathogen infections and cases of congenital ZIKV transmission has not 
been extensively studied (Levine et al., 2017; Moreira-Soto et al., 2018). 
Toxoplasma gondii, Others (varicella-zoster virus, parvovirus B19, Lis-
teria monocytogenes, Treponema pallidum), Rubella virus, Cytomegalo-
virus, and Herpes simplex virus-1 and -2 (HSV-1 and HSV-2, 
respectively) are among the TORCH pathogens (Coyne and Lazear, 
2016; Levine et al., 2017). HSV-2 is sexually transmitted and mainly 
affects women of reproductive age. It induces latent viral infection and 
may interfere with ZIKV vertical transmission (Lima et al., 2018; Tog-
narelli et al., 2019). Although no link has been established between ZIKV 
and HSV-2 in humans, prior HSV-2 infection increased placental 
permissiveness to ZIKV by overexpressing viral entry receptors in 
pregnant C57BL/6 mice, in addition to suppressing IFN-β response upon 
ZIKV infection (Aldo et al., 2016). 

In viral infections, cytokines play an important role in the antiviral 
defense machinery (Mogensen and Paludan, 2001). Several studies have 
shown that TNF-α has an antiviral mechanism in HSV-2 infection, 
whereas it appears to have a negative effect in ZIKV infection (Minami 
et al., 2002; Delatorre et al., 2018; Wood, 2018; Figueiredo et al., 2019). 
While IL-6, like TNF-α, has been reported to play an important role in the 
control of HSV-1 infection, other studies have shown an increase in IL-6 
production in ZIKV infection, in both in vitro and in vivo models (Chu-
cair-Elliott et al., 2014; Ornelas et al., 2017; Lima et al., 2019). 

In the present study, we assessed the ZIKV infection profile in ex-
plants and cells of human placental, as well as the viral load and cyto-
kine production during HSV-2BR and ZIKVBR coinfection assays. The 
results suggested that the placental cell types and HSV-2BR coinfection 
may impact on ZIKV replication. 

2. Material and methods 

2.1. Cell cultures 

This study was approved by the Research Ethics Committee of the 
National Institute of Women, Children and Adolescents Health Fer-
nandes Figueira (IFF)/FIOCRUZ (CAAE 88642218.1.0000.52–69, 
approval number 2.729.444). 

2.1.1. Full-term human placenta 

2.1.1.1. Explants of chorionic villus and amniochorionic fetal membrane. 
Placentas at term (from 38 to 40 weeks) were obtained with informed 
consent from five pregnant women recruited at the Institute Fernandes 
Figueira (IFF). The chorionic villus and fetal membrane were separated 
from the placenta and processed within 40–60 min of delivery. Briefly, 
the fetal membrane was mechanically separated into amniotic and 
chorionic membranes, and the membranes and chorionic villus were 
washed extensively with Hank’s Balanced Salt Solution (HBSS; Sigma- 
Aldrich, St. Louis, MO, USA) to remove blood clots. To obtain the ex-
plants, the samples were dissected into 5-mm sections and cultured in 
standard tissue culture plates with Dulbecco’s modified Eagle medium: 
nutrient mixture F12 (DMEM/F12; Gibco, Waltham, MA, USA) supple-
mented with 10% fetal bovine serum (FBS; Cultilab, Campinas, SP, BR) 
and 10,000 units/mL penicillin with 10 mg/mL streptomycin (Sigma- 
Aldrich). The cultures were grown at 37 ◦C in an atmosphere containing 
5% CO2. 

2.1.1.2. Primary culture of fetal membrane cells. Amniotic and chorionic 
epithelial cells were isolated from the fetal membrane and cultured with 
minor modifications according to previously published data (Miki et al., 
2005). The fetal membrane was mechanically separated into amniotic 
and chorionic membranes, washed 3 times in HBSS solution, and after 
cleavage into several fragments, subjected to enzymatic dissociation 
(0.1% trypsin with 100 μg/mL DNAse I) (Gibco) for 40 and 20 min, 
respectively, under agitation at 37 ◦C. The cell suspension obtained was 
centrifuged at 250 g for 10 min at 4 ◦C, and the dissociated material was 
subjected to further centrifugation and filtered through a 100 μm mesh. 
Cell viability was assessed using a Trypan Blue exclusion test (Sig-
ma-Aldrich). Amniotic and chorionic epithelial cells were cultured in 
DMEM/F12 with 10% FBS, 2% L-glutamine, 100 U/mL penicillin, and 
100 μg/mL streptomycin and grown at 37 ◦C in an atmosphere con-
taining 5% CO2. 

2.1.2. Cell lineage 
The trophoblasts of human placenta (JEG-3 cell line) were cultured 

in RPMI-1640 medium (Sigma-Aldrich) supplemented with 10% FBS, 
100 U/mL penicillin and 100 μg/mL streptomycin, 2% L-glutamine, and 
1% HEPES (Gibco), and maintained at 37 ◦C in an atmosphere con-
taining 5% CO2. For infection and coinfection assays, the trophoblasts 
were seeded at a density of 1 × 105 cells/well in 24-well plates with 
coverslips. 

2.2. Viral strains 

ZIKVBR (GenBank accession number: KX212103) was kindly pro-
vided by the flavivirus reference laboratory (FIOCRUZ/IOC). The virus 
was propagated in C6/36 cell line (from Aedes albopictus mosquito), 
titrated in Vero cell line (from African green monkey kidney) using 
plaque assay [plaque-forming unit (PFU)/mL], and stored in a freezer at 
− 70 ◦C until the assays. HSV-2BR (GenBank accession number: 
KY007706) was propagated and titrated in Vero cell line and stored at 
− 70 ◦C until the assays. 

2.3. Viral infections 

Explants of chorionic villus and amniotic and chorionic membranes 
were infected with 3 × 106 PFU/mL ZIKV for 6 h. Primary (amnion and 
chorion) and lineage (trophoblast) cells were infected at a multiplicity of 
infection (MOI) of 1 for 2 h, under agitation every 15 min at 37 ◦C. Then, 
the explants and cultures were washed in phosphate-buffered saline 
(PBS) and maintained for 24–72 h at 37 ◦C in an atmosphere of 5% CO2. 
After 72 h of infection, the explants were washed in PBS, embedded in 
paraffin for histological analyses or embedded in optimal cutting 
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temperature (OCT) medium and frozen at − 70 ◦C for immunofluores-
cence assays. The cell cultures were fixed with 4% paraformaldehyde 
(Sigma-Aldrich) for 24–72 h and maintained at 4 ◦C for the immuno-
fluorescence assay. 

For kinetic assays, trophoblast cultures were mono-infected at MOIs 
of 1 and 5 with ZIKV or MOIs of 0.0001, 0.001, 0.01, and 0.1 with HSV-2 
and followed up for 24–48 h. 

For coinfection assays, trophoblast cultures were infected with HSV- 
2 at MOIs of 0.1 and 0.0001 for 24 h, washed in PBS, and then coinfected 
with ZIKV at MOIs of 1 and 5 for an additional 48 h. Cultures mono- 
infected with HSV-2 (MOIs of 0.1 and 0.0001) and ZIKV (MOIs of 1 
and 5) were used as controls for coinfection. Culture supernatants were 
collected and stored at − 70 ◦C for quantification of the viral genome 
using qPCR and cytokine measurement using flow cytometry. The 
samples were fixed with 4% paraformaldehyde and maintained at 4 ◦C 
for immunofluorescence assays. 

2.4. Histological analysis 

The sections of mock-infected villus, chorion, and amnion explants 
were cut longitudinally, rinsed in ice-cold PBS (10 mM sodium phos-
phate, 0.015 M NaCl, pH 7.4), and fixed in Millonig-Rosman solution 
(10% formaldehyde in PBS). Fixed tissues were dehydrated in graded 
ethanol and embedded in paraffin. Sections (3 μm) were stained with 
routine hematoxylin-eosin (H&E) and analyzed under an Axio Observer 
Z1 motorized inverted fluorescence microscope (Carl Zeiss, Oberkochen, 
Germany) to observe the integrity of the placental tissue architecture. 

2.5. Viral antigen detection using immunofluorescence labeling 

Frozen tissue sections (chorionic villi and chorionic/amniotic 
membranes) and coverslips of cell cultures (chorionic/amniotic 
epithelial primary cells and trophoblast lineage cells) were per-
meabilized with 0.1% Triton™ X-100 (Sigma-Aldrich) for 8 and 2 min, 
respectively, blocked with 3% bovine serum albumin (Sigma-Aldrich) 
for 30 min, washed in PBS, and incubated with primary antibodies for 
60 min at 37 ◦C. The primary antibodies used included anti-cytokeratin- 
7 (CK-7) (1:200 dilution) (Abcam, Cambridge, UK) for phenotyping the 
trophoblastslayer on the villus surface [cytotrophoblasts and syncytio-
trophoblasts (SYNs)]; anti-vimentin (1:200 dilution) (Abcam) for phe-
notyping the villus core; 4G2 antibody (1:500 dilution) (LATAM/ 
Biomanguinhos) for detection of ZIKV envelope (E) protein; and anti- 
HSV 1/2 antibody (1:500 dilution) (Bio-Rad Laboratories, Hercules, 
CA, USA). After washing in PBS, the samples were incubated with anti- 
mouse IgG secondary antibody Alexa Fluor™ 488 or 594 (1:500 dilu-
tion) (Invitrogen, Hercules, CA, USA) for 60 min at 37 ◦C. The samples 
were labeled and incubated for 5 min at room temperature with 10 μg/ 
mL of 4′,6-diamidino-2-phenylindole (DAPI) (Thermo Fisher Scientific, 
Waltham, MA, USA) for visualizin the cell nuclei. Finally, the slides or 
coverslips were mounted on 2.5% 1,4-diazabicycles (2,2,2)-octane 
(DABCO) (Sigma-Aldrich) and immediately examined using an Axio 
Observer Z1 motorized inverted fluorescence microscope. The images 
were processed and analyzed using ImageJ (ImageJ Image Processing 
and Analysis in Java) and CellProfiler™ cell image analysis software. 

2.6. Viral genome quantification using qPCR 

Supernatants of the cultures for mono- and coinfection kinetics with 
ZIKV and HSV-2 were used for the extraction of HSV-2 DNA and ZIKV 
RNA using the High Pure Viral Nucleic Acid Kit (Roche Life Science). 
Quantification of the ZIKV genome was performed using the AgPath- 
ID™ One-Step RT-PCR detection system (Thermo Fisher Scientific) with 
primers, probes, and a previously published synthetic curve for absolute 
quantification (de Souza et al., 2020). Quantification of the HSV-2 
genome was performed with GoTaq® qPCR MasterMix kit (Promega, 
Madison, WI, USA) according to a previously published method (Lima 

et al., 2017). 

2.7. Measurement of cytokine levels using flow cytometry 

The cytokines IL-2, IL-4, IL-6, IL-10, IL-17A, TNF-α, and IFN-γ were 
evaluated using flow cytometry with the BD™ Cytometric Bead Array 
human Th1/Th2/Th17 Cytokine Kit (BD Biosciences, San Jose, CA, 
USA), according to the manufacturer’s instructions. The assay was 
performed using culture supernatants of mono- and coinfection with 
ZIKV and HSV-2. The samples were acquired using a FACSCalibur™ 
flow cytometer (BD Biosciences) and analyzed using the FCAP Array™ 
program (BD Biosciences). 

2.8. Statistical analysis 

All tests were performed in duplicate, and the means of three inde-
pendent experiments were used for analysis using Prism 8.0 software 
(GraphPad Software Inc., San Diego, CA, USA). All analyses were per-
formed using one-way analysis of variance ANOVA with Dunnett’s 
multiple comparisons test. The significance values were established as 
*p = 0.02, **p < 0.005, ***p = 0.0007, and ****p < 0.0001. 

3. Results 

3.1. ZIKVBR replicates in human placental explants ex vivo 

The structural integrity of villous and fetal membrane tissue in 
explant cultures was demonstrated (Fig. 1A–H). Explants of chorionic 
villi and amniotic/chorionic membranes were first analyzed structurally 
using H&E staining (Fig. 1A, D, and G) and then phenotypically using 
immunofluorescence labeling (Fig. 1B and E). Preservation of the ar-
chitecture of the chorionic villi was observed in the histological sections 
(Fig. 1A), the sections showed the presence of fibrinoid material 
(Fig. 1A; inset 1), intervillous space (Fig. 1A; inset 2), and fetal tissue 
(Fig. 1A; inset 3) with fetal capillaries (Fig. 1A; arrow). The explant of 
the fetal chorionic membrane (maternal side) showed chorionic 
epithelial cells (Fig. 1D; arrow) and mesoderm (Fig. 1D; asterisk). In the 
explant of the fetal amniotic membrane (fetal side), a thin layer of 
amniotic epithelial cells on a well-preserved basal layer (Fig. 1G; arrow) 
and the mesoderm (Fig. 1G; asterisk) were observed. 

Immunophenotyping of explants was performed using an antibody 
against anti- CK-7, to label the intermediate filaments characteristic of 
epithelial cells. Fluorescent DAPI labeling revealed cell nuclei in the 
explants of the chorionic villi (Fig. 1B and C), chorionic membrane 
(Fig. 1E and F), and amniotic membrane (Fig. 1H and I). In the villus 
explant, the trophoblastslayer on the surface formed by SYNs and 
cytotrophoblasts was identified using CK-7 labeling (Fig. 1B, arrow), 
and chorionic epithelial cells were labeled in the chorionic membrane 
(Fig. 1E, arrow). All these results confirmed the structural integrity of 
the explants in the culture. 

To assess the susceptibility of the explants to infection with the 
ZIKVBR strain, the explants were infected with 3 × 106 PFU/mL of the 
virus for 72 h (Fig. 1C, F, and I). Detection of viral E protein by incu-
bation with 4G2 antibody showed viral antigen in the villus (Fig. 1C; 
arrow), chorionic tissue (Fig. 1F; arrow), and amniotic tissue (Fig. 1I; 
arrow), demonstrating the infection of the amnionchorionic membrane 
explant for the first time and efficiency of the ZIKVBR strain in infecting 
all placental explants. We also observed that the expression of the viral 
antigen was absent in the outermost layer of the chorionic villi (Fig. 1C; 
asterisk). To confirm the localization of ZIKV infection in the villi, ex-
plants with anti-ZIKV labeling were overlaid with anti-CK-7 or anti- 
vimentin antibodies to label the trophoblasts layer and villous cores, 
respectively (Fig. 2). In mock-infected explants (Fig. 2A, D, G and J), the 
thin trophoblasts layer was observed in red using anti-CK-7 labeling 
(Fig. 2A, G and J; arrow) and absence of green anti-ZIKV labeling was 
observed (Fig. 2D). While anti-CK-7 labels the epithelial trophoblasts 
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cells in the infected explants (Fig. 2B, H and K; arrow), anti-vimentin 
labels exclusively non-epithelial cells, such as fibroblasts and mesen-
chymal cells in the villous core (Fig. 2G and I; asterisk). Upon labeling 
with anti-ZIKV, it was again observed that infection occurred in the 
villous core (Fig. 2E, F, H and K; arrowhead). The localization of viral 
protein expression in the villous core was confirmed by analyzing the 
overlap between anti-ZIKV and anti-vimentin labeling (Fig. 2I and L; 
hash). 

3.2. Human placental cells have different susceptibilities to ZIKV infection 

To compare the susceptibility profile of villous functional cells 
(trophoblasts) and fetal membrane cells (chorionic and amniotic cells) 
to the ZIKVBR strain, the temporal kinetics were monitored at a MOI of 1 
using immunofluorescence (Fig. 3). The intermediate filaments were 
seen in red, which characterized the epithelial cells (Fig. 3A, C, and E; 
arrow) and in green, which detected viral E-protein in the trophoblasts 
(Fig. 3B; arrow), chorionic cells (Fig. 3D; arrow), and amniotic cells 
(Fig. 3F; arrow). Estimation of the percentage of infection showed that in 
all cultures, the kinetics were time-dependent and statistically signifi-
cant (p = 0.02, p < 0.005, p = 0.0007, or p < 0.0001) (Fig. 3G). 
Importantly, only a slight increase was observed in the infected tro-
phoblasts (from 1.0 ± 0.3% to 2.1 ± 0.2% and 2.8 ± 0.5%) during the 
kinetics of infection (Fig. 3G). In chorionic cells, the values were 3.2 ±

0.6%, 11.1 ± 0.7%, and 12.8 ± 2.2% at 24 h, 48 h, and 72 h post- 
infection, respectively (Fig. 3G). Highest increasing values were 
observed in the amniotic cells as compared to other cell-types, with 
values of 4.8 ± 0.5% at 24 h, 18.1 ± 5.5% at 48 h, and 26.3 ± 2.2% at 
72 h post-infection (Fig. 3G). The results showed differential suscepti-
bility of placental cells, with amniotic cells exhibiting the greatest sus-
ceptibility to infection, followed by chorionic cells; trophoblasts were 
the cell-type most resistant to ZIKV infection at a MOI of 1. 

3.3. Coinfection with HSV-2BR and ZIKVBR reduces ZIKV replication in 
trophoblasts 

As the results of the ZIKV infection profile in explants and cells 
human placental showed that in chorionic villi explants the trophoblasts 
layer does not infect (Figs. 1 and 2) and that first-trimester trophoblasts 
(JEG-3) were most resistant to ZIKV infection in vitro (Fig. 3B and G), the 
impact of HSV-2 coinfection on ZIKV replication was evaluated in this 
cell type. In addition, trophoblasts are the functional units of the 
placental barrier that play an essential role for placental development 
and successful pregnancy during early gestation, it is important to 
investigate the possible risk factors involved in their susceptibility to 
ZIKV infection. 

Before the coinfection assays, the kinetics of mono-infection were 
assessed in trophoblasts infected with ZIKV (Fig. 4) and HSV-2 (Fig. 5) at 

Fig. 1. Detection of viral antigen using immunofluorescence in explants of full-term human placenta. The explants of chorionic villus (A–C), chorionic membrane 
(D–F), and amniotic membrane (G–I) were mock-infected (A, B, D, E, G, and H) or infected with ZIKV (at 3 × 106 PFU/mL) for 72 h (C, F, and I). H&E staining showed 
the preserved explants: (A) chorionic villus with (1) fibrinoid material, (2) intervillous space, and (3) fetal tissue (fetal capillary, arrow), (D) chorionic membrane 
(maternal side) with mesoderm (asterisk) and epithelial chorionic cells (arrow), and (G) amniotic membrane (fetal side) with mesoderm (asterisk) and epithelial 
amniotic cells (arrow). Fluorescence staining of cell nucleus was carried out using DAPI staining (blue) (B–I; asterisk); trophoblastic layer in the villus surface 
(cytotrophoblasts and syncytiotrophoblasts) (B; arrow) and chorionic cells in the chorionic membrane (E; arrow) using anti-CK-7 (red); and viral E-protein (green) 
staining using antibody 4G2 (C, F, and I; arrow). The data are representative of explants from five donors. Scale bar: 50 μm. 
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different MOIs. Immunofluorescence was used to evaluate the detection 
of viral proteins in mock-infected cultures (Fig. 4A and E) and cultures 
infected with ZIKV at a MOI of 1 (Fig. 4B and F), 5 (Fig. 4C and G), and 
10 (Fig. 4D and H) for 24 h (Fig. 4B–D) and 48 h (Fig. 4F–H). At a MOI of 
1 (Fig. 3B and G), the percentage of infection was remarkably low 
(Fig. 4B, F, and I). When the MOI was increased to 5, values of 7.8 ±
0.5% at 24 h and 34.4 ± 3.8% at 48 h were observed (Fig. 4C, G, and I) 
and at a MOI of 10, the values ranged from 21.6 ± 2.4% at 24 h to 52.6 
± 6.9% at 48 h (Fig. 4D, H, and I). Likewise, quantification of viral RNA 
in the supernatant of cultures also indicated an increase in viral repli-
cation according to MOI and time post-infection (Fig. 4J). Viral RNA 
load, determined using qPCR in cultures infected at MOIs of 1, 5, and 10, 
was found to be 2.5 ± 0.2 × 106, 3.8 ± 0.7 × 107, and 4.6 ± 0.9 × 107 

copies/mL, respectively, at 24 h post-infection, and 1.3 ± 0.6 × 107, 2.8 
± 0.6 × 108, and 9.6 ± 0.3 × 108 copies/mL, respectively, at 48 h post- 
infection (Fig. 4J). These results showed that trophoblasts are also 
highly susceptible to ZIKV infection when infected at a high MOI. 

To assess the infectivity of the HSV-2BR strain in human trophoblasts, 
cultures were infected with HSV-2 at MOIs of 0.0001, 0.001, 0.01, and 
0.1 for 24 h and 48 h of infection (Fig. 5). Using phase-contrast 

microscopy, we observed that HSV-2 infection induced a strong cyto-
pathic effect at a MOI of 0.1 at 24 h (Figs. 5C) and 48 h (Fig. 5E) post- 
infection, as compared to that in the mock-infected culture, which had 
a preserved monolayer (Fig. 5A). By fluorescence analyses, there was no 
HSV-2 antigen observed in the mock-infected culture (Fig. 5B); the viral 
protein was observed at 24 h (Fig. 5D, arrow) and 48 h post-infection 
(Fig. 5F, arrow). The labeling of the viral antigen in the culture infec-
ted at a MOI of 0.1 at 48 h (Fig. 5F) corresponds with the syncytium 
formation observed at this time of infection (Fig. 5E). The viral DNA in 
the supernatant of HSV-2 infected cultures showed MOI-dependent 
temporal kinetics, with values ranging from 2.8 ± 0.8 × 103 to 4.2 ±
0.5 × 106 copies/mL at 24 h post-infection and 4.8 ± 0.7 × 103 to 5.7 ±
0.8 × 108 copies/mL at 48 h post-infection (Fig. 5G). The results pre-
sented here, for the first time, demonstrated that trophoblasts were 
highly susceptible to HSV-2 infection (Fig. 5C–F), with high titers of 
viral DNA (Fig. 5G). 

After evaluating the mono-infection in trophoblasts with ZIKV and 
HSV-2 at different MOIs, coinfection assays were carried out using the 
lowest and highest MOIs tested previously for both the viruses (Fig. 6). 
The impact of varying viral loads from one virus on another was 

Fig. 2. Phenotyping and viral antigen detection using immunofluorescence in chorionic villus explants of full-term human placenta. The explants were mock-infected 
(A, D, G, and J) or infected with the ZIKV at 3 × 106 PFU/mL for 72 h (B, C, E, F, H, I, K, and L). Fluorescence staining of trophoblastic layer in the villus surface 
(cytotrophoblasts and syncytiotrophoblasts) was carried out using anti-cytokeratin 7 (red) (A, B, G, H, J, and K; arrow), villus stroma using anti-vimentin (magenta) 
(C, I, and L; asterisk), viral E-protein using antibody 4G2 (green) (E, F; H; I; K and L, arrowhead), and cellular nucleus using DAPI (blue) (J-L; large arrow). An overlay 
was carried out to enable better localization of the ZIKV antigen (H, I, K, and L; arrowhead) and co-localization with anti-vimentin (magenta) in the villus core (I and 
L; hash). The data are representative of explants from five donors. Scale bar: 50 μm. 
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investigated in these assays. The cultures were first infected with HSV-2 
at MOIs of 0.0001 and 0.1 for 24 h, then with ZIKV at MOIs of 1 and 5 for 
an additional 48 h. It was observed that coinfection with HSV-2 at a MOI 
of 0.0001 resulted in a slight drop in ZIKV genome quantification to 2.8 
± 0.6 × 107 copies/mL at a MOI of 1, as compared to 7.4 ± 1.1 × 107 

copies/mL in ZIKV mono-infection (p = 0.02); and 2.9 ± 0.1 × 108 

copies/mL at a MOI of 5, as compared to 9.5 ± 0.3 × 108 copies/mL in 
ZIKV mono-infection (p < 0.0001) (Fig. 6A). Coinfection with HSV-2 at 
an MOI of 0.1 reduced ZIKV genome quantification about 4 logs (4.7 ±
0.8 × 103 copies/mL) at an MOI of 1 compared to 7.4 ± 1.1 × 107 

copies/mL in ZIKV mono-infection (p = 0.002); and 3 logs (2.1 ± 0.6 ×
105 copies/mL) at a MOI of 5, as compared to 9.5 ± 0.3 × 108 copies/mL 
in ZIKV mono-infection (p < 0.0001) (Fig. 6A). When the HSV-2 genome 

was quantified during coinfection, the data revealed that none of the 
experimental conditions altered HSV-2 replication (Fig. 6B). However, 
ZIKV replication was reduced according to the HSV-2 load that the 
trophoblasts were previously exposed to. 

3.4. Pro-inflammatory cytokines decreased during coinfection 

The cytokine levels were investigated during HSV-2 and ZIKV 
coinfection. Flow cytometry was used to examine the profile of TH1, 
TH2, and TH17 cytokines in the supernatant of trophoblast cells (Fig. 7). 
Among the cytokines IL-2, IL-4, IL-6, IL-10, IL-17A, IFN-γ, and TNF-α, 
only IL-6 and TNF-α were produced and modulated in our in vitro model 
(Fig. 7). Mono-infection with ZIKV did not alter the TNF-α levels, as 
compared to those in mock-infected cultures (Fig. 7A), whereas mono- 
infection with HSV-2 tended to increase TNF-α levels to 4.4 ± 1.2 pg/ 
mL and 4.8 ± 0.9 pg/mL at MOIs of 0.0001 and 0.1, respectively, as 
compared to the level of 2.9 ± 0.2 pg/mL in mock-infected cultures 
(Fig. 7A). In comparison to HSV-2 mono-infection, there was a negative 
modulation of TNF-α production during ZIKV coinfection (Fig. 7A). TNF- 
α levels were reduced from 4.4 ± 1.2 pg/mL in HSV-2 mono-infection at 
a MOI of 0.0001–2.1 ± 0.7 pg/mL in coinfection at a MOI of 5 (p = 0.03) 
(Fig. 7A). Furthermore, TNF-α levels were reduced upon ZIKV coinfec-
tion at MOIs of 1 (p = 0.03) and 5 (p = 0.0007) to 2.5 ± 1.1 pg/mL and 
1.0 ± 0.4 pg/mL, respectively, as compared to the level of 4.8 ± 0.9 pg/ 
mL in HSV-2 mono-infection at a MOI of 0.1 (Fig. 7A). These results 
showed that TNF-α levels decreased upon coinfection, as compared to 
those observed in HSV-2 mono-infection. 

In the case of the IL-6 cytokine, ZIKV and HSV-2 mono-infections 
resulted in a 2-fold (p = 0.03) and 4-fold (p < 0.0001) increase in IL-6 
levels, respectively, as compared to the level of 5.0 ± 0.1 pg/mL in 
mock-infected cultures (Fig. 7B). However, when compared to HSV-2 
mono-infection, there was a negative modulation of IL-6 production 
during coinfection. ZIKV coinfection at MOIs of 1 (p = 0.03) and 5 (p < 
0.0001) resulted in a reduction of IL-6 levels to 14.0 ± 2.4 pg/mL and 
7.5 ± 1.5 pg/mL, respectively, as compared to the level of 21.2 ± 2.1 
pg/mL in HSV-2 mono-infection at a MOI of 0.0001 (Fig. 7B). IL-6 levels 
reduced upon ZIKV coinfection at MOIs of 1 (p = 0.0007) and 5 (p < 
0.0001) to 14.3 ± 2.8 pg/mL and 9.7 ± 0.1 pg/mL, respectively, as 
compared to the level of 23.7 ± 2.7 pg/mL in HSV-2 mono-infection at a 
MOI of 0.1 (Fig. 7B). When compared to HSV-2 mono-infection, the data 
showed that ZIKV replication and TNF-α and IL-6 levels decreased upon 
coinfection, suggesting an association between the levels of these cyto-
kines and viral replication, but the cause-and-effect relationship be-
tween these biological events needs to be investigated. 

4. Discussion 

The mechanisms by which the virus reaches the fetus have been 
investigated in some studies, but the pathophysiology of ZIKV congen-
ital transmission is still unclear (Coyne and Lazear, 2106; Desai et al., 
2017). The virus crosses the placental barrier with great tropism to 
human placental cells, including infection of fetal tissues such as tro-
phoblasts, mesenchymal cells, fibroblasts, endothelial cells, and Hof-
bauer cells (Tabata et al., 2016; El Costa et al., 2016; Jurado et al., 2016; 
Quicke et al., 2016; Aagaard et al., 2017; Richard et al., 2017). In 
addition, ex vivo infection of placental explants has also been demon-
strated (Tabata et al., 2016; Petitt et al., 2017; Ribeiro et al., 2018). 

Our study is the first to demonstrate ex vivo ZIKV infection of cho-
rionic and amniotic membrane explants separately and confirm infec-
tion of the chorionic villi of full-term placenta. In fact, fetal death has 
been reported in women who were infected between 25 and 32 weeks of 
pregnancy, demonstrating that ZIKV can cause fetal abnormalities at any 
gestational age, including the third trimester (Brasil et al., 2016). 
Although ZIKV infection of cells isolated from the placenta, including 
from amniochorionic membrane, has previously been demonstrated 
(Tabata et al., 2016; Barrows et al., 2016; de Souza et al., 2020), the 

Fig. 3. Assessment of ZIKV infection profile using immunofluorescence in 
human placental cells. Trophoblastic epithelial cells (Jeg-3) (A, B, and G), 
chorionic epithelial cells (C, D, and G), and amniotic epithelial cells (E, F, and 
G) were mock-infected (A, C, and E) or infected with ZIKV at a MOI of 1 (B, D, F, 
and G). Fluorescence staining of the cellular nucleus was carried out using DAPI 
(blue); intermediate filaments of epithelial cells using anti-cytokeratin-7 (red) 
(A, C, and E; arrow); and viral E-protein in ZIKV-infected cultures (48 h) using 
antibody 4G2 (green) (B, D, and F; arrow). The graph represents mean ±
standard deviation of percentage of infected cells during infection kinetics (G). 
Statistical significance was determined using one-way ANOVA, followed by 
Dunnett’s multiple comparisons test. *p = 0.03, **p < 0.002, ***p = 0.0007, 
and ****p < 0.0001. The data are representative of three independent experi-
ments. Scale bar: 20 μm. 
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susceptibility of chorionic and amniotic explants shown in the present 
study provides support for the paraplacental route of transmission, as 
also proposed by other authors (Tabata et al., 2016, 2018; Petitt et al., 

2017). According to this infection route, contact between the amnio-
chorionic membrane and parietal decidua in utero, particularly in the 
second and third trimesters of pregnancy, could allow infected maternal 

Fig. 4. Assessment of kinetics of ZIKV infection using 
immunofluorescence and RT-qPCR in human tro-
phoblasts. Mock-infected cultures (A and E) and cul-
tures infected with ZIKV at a MOIs of 1 (B and F), 5 (C 
and G), or 10 (D and H) for 24 h (B, C, and D) and 48 
h (F, G, and H) were labeled with antibody 4G2 
(green) for viral antigen detection. The graph repre-
sents mean ± standard deviations of percentage of 
infected cells during infection kinetics (I). Quantifi-
cation of viral RNA in the supernatant of cultures was 
performed using RT-qPCR and the graph represents 
mean ± standard deviation of ZIKV genome copies/ 
mL (J). The data are representative of three inde-
pendent experiments. Scale bar: 100 μm.   

Fig. 5. Assessment of kinetics of HSV-2 infection 
using immunofluorescence and qPCR in human tro-
phoblasts. The cultures were mock-infected (A and B) 
or infected with HSV-2 at a MOI of 0.1 (C–F) for 24 h 
(C and D) and 48 h (E and F). Cytopathic effect (CPE) 
was assessed using phase contrast microscopy (A, C 
and E) and immunofluorescence microscopy was used 
to show the viral antigen in red (B, D and F; arrow). 
Viral DNA quantification was performed using qPCR 
in the supernatant of infected cultures (at MOIs of 
0.0001, 0.001, 0.01, and 0.1) for 24 h and 48 h (G). 
The graph represents mean ± standard deviation of 
HSV-2 genome copies/mL. The data are representa-
tive of three independent experiments. Objective 
10×. Scale bar: 50 μm.   

L.R. Torres et al.                                                                                                                                                                                                                                



Virology 570 (2022) 45–56

52

cells to transmit the ZIKV to trophoblast progenitor cells in the chorion 
and amniotic epithelial cells, thereby spreading the virus in the amniotic 
fluid and allowing transmission to the fetus (Tabata et al., 2016, 2018; 
Petitt et al., 2017). Chorionic membrane explant infection must be 
considered as an important factor because it is highly vascularized and 
in close contact with the maternal tissue, which may also favor viral 
spread. Similarly, we found that infection of the chorionic villi occurs in 
the villous cores, suggesting infection of the mesenchymal cells, fibro-
blasts, and even Hofbauer cells, as demonstrated by other studies 

Fig. 6. Viral genome quantification during coinfection using qPCR. The 
trophoblast cultures were previously infected with HSV-2 at a MOI of 0.0001 or 
0.1 for 24 h. Following that, the cultures were washed to remove the HSV-2 
particles from the supernatant and ZIKV was added at a MOI of 1 or 5 for an 
additional 48 h. The viral genomes of ZIKV (A) and HSV-2 (B) in the super-
natant of in mono- and coinfected cultures were assessed. The graphs represent 
mean ± standard deviation of viral genome copies/mL. Statistical significance 
was determined using one-way ANOVA, followed by Dunnett’s multiple com-
parison test. **p = 0.002 and ****p < 0.0001. Data are representative of three 
independent experiments. 

Fig. 7. Measurement of TNF-α and IL-6 cytokine levels during mono- and co-
infection using flow cytometry. The trophoblast cultures were previously 
infected with HSV-2 at a MOI of 0.0001 or 0.1 for 24 h. Following that, the 
cultures were washed to remove the HSV-2 particles from the supernatant, and 
ZIKV was added at a MOI of 1 or 5 for an additional 48 h. TNF-α (A) and IL-6 (B) 
cytokines in the supernatant of mono- and co-infected cultures were measured. 
The graphs represent mean ± standard deviation of cytokine levels (pg/mL). 
Statistical significance was determined using one-way analysis of variance 
followed by Dunnett’s multiple comparison test. *p = 0.03, ***p = 0.0007, and 
****p < 0.0001. Data are representative of three independent experiments. 
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(Noronha et al., 2016; Quicke et al., 2016; Tabata et al., 2018). Chori-
onic villi are surrounded externally by cytotrophoblasts (CTBs) and 
internally by syncytiotrophoblasts (SYNs); the latter is a multinucleated 
functional layer that keeps maternal blood in the intervillous space away 
from fetal tissues in the villous cores (Knöfler et al., 2019). Indeed, in 
vitro assays have shown that ZIKV can infect cytotrophoblasts and 
invasive extravillous trophoblasts by means of cell-to-cell transmission 
after initial viral replication in the uterine wall; however, SYNs are 
resistant (El Costa et al., 2016; Weisblum et al., 2017), as proven in ex 
vivo studies with first trimester explants and SYNs derived from full-term 
placenta (Bayer et al., 2016; Tabata et al., 2016). Although SYNs are 
crucial for protecting the fetus from infections because they come into 
direct contact with the mother’s blood, damage to the chorionic villi and 
breaks in the SNYs layer cannot be disregarded. It has been reported that 
non-proliferating primary human trophoblasts isolated from 
non-infected woman in the third trimester and differentiated in vitro to 
SYNs were susceptible to infection by the ZIKV Colombia strain 
(Aagaard et al., 2017). 

Upon evaluating the susceptibility of chorionic, amniotic, and tro-
phoblasts cells, we found that amniotic cells were more susceptible than 
the others. Likewise, reports have shown that during in vitro infection of 
trophoblast progenitor cells (TBPCs), amniotic epithelial cells 
(AmEpCs), human placental fibroblasts (HPFs) and cytotrophoblasts 
(CTBs) isolated from 2nd trimester of pregnancy and infected with the 
strains MR766 ZIKV, Nica1-16, and Nica2-16, AmEpCs were highly 
susceptible to ZIKV, while infection of TBPCs, HPFs and CTBs occurred 
in single cells and/or discrete foci (Tabata et al., 2016), whereas our 
study showed the susceptibility of chorionic and amniotic epithelial cells 
from full-term placenta to be infected with the ZIKVBR strain. The viral 
titers reported in those studies, of which were 6- to 8-times higher than 
those observed in the present study, are probably related to the time of 
gestation and viral strain. Differences in infectivity rates have been 
shown between ZIKVBR isolates and well-established Asian and African 
ZIKV lineages, with higher levels of infection by the MR766 ZIKV pro-
totype (Strottmann et al., 2019). Moreover, it is possible that placental 
cells are more susceptible to ZIKV in the early stages of pregnancy 
(Coyne and Lazear, 2016; Tabata et al., 2016, 2018). Cytotrophoblasts 
and SYNs derived from placental villi at full-term exhibit genes associ-
ated with antiviral defense rather than those related to ZIKV entry; on 
the other hand, trophoblasts in the first trimester lose these features 
(Sheridan et al., 2017; Quicke et al., 2016). 

The trophoblast lineage from the first trimester was used to assess the 
impact of another infection on ZIKV replication. In the first trimester of 
gestation, trophoblasts are highly proliferative, and their differentiation 
is essential for placental development and successful pregnancy. These 
cell-types differentiate by fusion in SNYs or remain mononucleated, 
which also differentiate into extravillous and endovascular cyto-
trophoblasts, with the function of anchoring the placenta to the uterus 
and invading the uterine wall and vasculature, respectively, thus 
ensuring the necessary blood supply for the fetus and success of the 
pregnancy (Maltepe and Fisher, 2015). Here we use JEG-3 cells line as 
they exhibit feature of primary trophoblasts mentioned above, such as i) 
spontaneous syncytium formation, indicating that the tumour cell line 
also contains progenitors for syncytization (Meinhardt et al.,2020; 
Msheik et al., 2019); ii) synthesize of placenta-specific hormones, such 
as human chorionic gonadotropin (hCG), the pregnancy hormone pro-
duced by syncytiotrophoblast in the first trimester of pregnancy (Turco 
et al., 2018; Kohler and Bridson, 1971); iii) endogenous expression of 
HLA-C and HLA-G, specifics of placental extravillous trophoblasts, 
produced only by JEG-3 cell line (Apps et al., 2009) and iv) present 
increased expression of receptors for trophoblast migration stimulating 
chemokines IP-10 and MCP-1, which coincides with their previously 
established third-trimester placenta production (Bilban et al., 2010). 
Because of the role of trophoblasts during early gestation, it is important 
to investigate the possible risk factors involved their susceptibility to the 
ZIKV. A recent study showed a higher prevalence of HSV-2 in 

Zika-positive pregnant women than in Zika-negative pregnant women, 
reinforcing the importance of investigating the cofactors during ZIKV 
infection (Lima et al., 2021). 

In this study, we assessed coinfection with HSV-2 and found an 
increased in the HSV-2 DNA load in trophoblasts and a decrease in the 
ZIKV RNA load. HSV-2 is one of the most prevalent diseases worldwide 
that affects women of reproductive age; when reactivated during preg-
nancy, it can infect the placenta and reach the fetus, resulting in mis-
carriages, intrauterine growth restriction, premature birth, and neonatal 
herpes (Anzivino et al., 2009; James and Kimberlin, 2015; Glukhovets 
et al., 2016; Oliveira et al., 2019). ZIKV and HSV-2 coinfection studies 
are scarce; however, some reports have shown that other prior viral 
infections may contribute to teratogenic effects during ZIKV (Villa-
mil-Gómez et al., 2016; Rabelo et al., 2017; Prata-Barbosa et al., 2018). 
Coinfection with ZIKV in mothers carrying HIV results in placental 
damage and severe manifestations of congenital syndrome in the baby 
(Rabelo et al., 2017). In addition, maternal coinfection with ZIKV and 
CHIKV has been shown to result in growth restriction and fetal death 
(Prata-Barbosa et al., 2018). On the other hand, a case study in Colombia 
of a pregnant woman with triple infection with ZIKV, CHIKV, and DENV, 
followed up to the 29th week of gestation, reported normal fetal 
development (Villamil-Gómez et al., 2016). 

In the present study, we also explored the production of anti- and 
proinflammatory cytokine during HSV-2 and ZIKV coinfection and 
found decreasing levels of TNF-α and IL-6, as well as decrease in the 
number of RNA ZIKV copies during coinfection. The involvement of 
TNF-α and IL-6 has been described in infections caused by virus such as 
HSV, cytomegalovirus, Epstein-Barr virus, DENV, ZIKV, and Hepatitis B 
virus (Lara-Pezzi et al., 1998; Baillie et al., 2003; Mori et al., 2003; 
Puthothu et al., 2009; Magoro et al., 2019; Tian et al., 2019; Cai et al., 
2020). Likewise, the replication of cytomegalovirus at the maternal-fetal 
interface correlates with the presence of other microorganisms, such as 
pathogenic bacteria and immune response coordination (Pereira et al., 
2003). 

Our results showed that prior HSV-2 infection led to higher levels of 
TNF-α and IL-6, as compared to those in mock-infected cultures, prob-
ably as a control for HSV-2 replication. TNF-α has already been shown to 
be an antiviral mechanism that inhibits the replication of HSV-1/2 in in 
vivo and in vitro models (Minami et al., 2002; Boivin et al., 2013; Cai 
et al., 2020). During HSV-1 infection, high mortality from herpetic en-
cephalitis was observed in TNF-α knockout mice infected with HSV-1, as 
compared to that in wild-type animals, in addition to a greater reac-
tivation of the virus after 60 d of inoculation (Minami et al., 2002). 
Another study using mice deficient in the expression of TNFR1 (one of 
the receptors for TNF) showed that this receptor plays a role in the 
control of viral replication in the ganglia, eye, and brain, in addition to 
providing protection against fatal herpetic encephalitis (Lundberg et al., 
2007). Likewise, IL-6 also plays an important role in controlling HSV-1 
infection, as observed for TNF-α (Chucair-Elliott et al., 2014). A study 
using IL-6 knockout mice infected with HSV-1 showed an increase of 
84% in the mortality of deficient animals, as compared to that of the 
wild-type animals (Murphy et al., 2008). 

On the other hand, several studies point out a damaging role of TNF- 
α in ZIKV infection (Delatorre et al., 2018; Wood, 2018; Figueiredo et al., 
2019). In the present study, when the cultures received a second chal-
lenge of ZIKV infection, the levels of TNF-α decreased as compared to 
those in HSV-2 mono-infection, in addition to the number of ZIKV 
genome copies. It has been reported that the pharmacological blockade 
of TNF-α prevents neurological damage, as well as chronic neurological 
damage caused by ZIKV congenital infection in the puppies of mice 
(Nem de Oliveira Souza et al., 2018). In addition, high levels of TNF-α 
were observed in ZIKV-infected pregnant women whose fetuses had 
malformations (Kam et al., 2017). There is still no consensus on the role 
of IL-6 in the course of infection; some studies point to an antiviral role 
(Galliez et al., 2016; Magoro et al., 2019), whereas other have shown an 
increase in IL-6 production in both in vitro and in vivo models, which 

L.R. Torres et al.                                                                                                                                                                                                                                



Virology 570 (2022) 45–56

54

contributes to the severity of disease (Ornelas et al., 2017; Lima et al., 
2019). Our results suggest that the decrease in TNF-α and IL-6 during 
coinfection may be associated with viral replication, indeed, according 
to the literature above, high levels of these cytokines are correlated with 
HSV-1/2 control and the harmful role of the ZIKV. 

Characterization of placental ZIKV infection is essential for under-
standing the mechanisms of congenital transmission and fetal abnor-
malities. As recent reviews have revealed that several placental findings 
in pregnant women with ZIKV infection have been missed, experimental 
models should be used to investigate these issues. Our data suggest that 
the placental cell types and HSV-2BR coinfection may be important de-
terminants for differential routes of infection and immune response 
coordination, which could be explored in an in vivo model of congenital 
ZIKV infection. 
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Resman Rus, K., Vesnaver Vipotnik, T., Fabjan Vodušek, V., Vizjak, A., Pižem, J., 
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(Ministério da Saúde), M.S., 2017. Secretaria de Vigilância em Saúde. Departamento de 
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2019 Apr 30. Herpes simplex virus evasion of early host antiviral responses. Front. 
Cell. Infect. Microbiol. 9, 127. https://doi.org/10.3389/fcimb.2019.00127. 

Turco, M.Y., Gardner, L., Kay, R.G., Hamilton, R.S., Prater, M., Hollinshead, M.S., 
McWhinnie, A., Esposito, L., Fernando, R., Skelton, H., et al., 2018. Trophoblast 
organoids as a model for maternal–fetal interactions during human placentation. 
Nature 564, 263–267. 

Vasireddi, M., Albert, Crum, May, Harold, Katz, David, Julia Hilliard, 2019 Jan. A Novel 
Antiviral Inhibits Zika Virus Infection while Increasing Intracellular Glutathione 
Biosynthesis in Distinct Cell Culture Models, vol. 161. Antiviral Res, pp. 46–52. 
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