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A B S T R A C T   

Zika virus (ZIKV) infections during pregnancy can result in Congenital Zika Syndrome (CZS), a 
range of severe neurological outcomes in fetuses that primarily occur during early gestational 
stages possibly due to placental damage. Although some placentas can maintain ZIKV persistence 
for weeks or months after the initial infection and diagnosis, the impact of this viral persistence is 
still unknown. Here, we aimed to investigate the immunological repercussion of ZIKV persistence 
in term placentas. As such, term placentas from 64 pregnant women diagnosed with Zika in 
different gestational periods were analyzed by ZIKV RT-qPCR, examination of decidua and 
placental villous histopathology, and expression of inflammation-related genes and IFNL1-4. 
Subsequently, we explored primary cultures of term decidual Extravillous Trophoblasts (EVTs) 
and Term Chorionic Villi (TCV) explants, as in vitro models to access the immunological conse-
quences of placental ZIKV infection. Placenta from CZS cases presented low IFNL1-4 expression, 
evidencing the critical protective role of theses cytokines in the clinical outcome. Term placentas 
cleared for ZIKV showed increased levels of IFNL1, 3, and 4, whether viral persistence was related 
with a proinflammatory profile. Conversely, upon ZIKV persistence placentas with decidual 
inflammation showed high IFNL1-4 levels. In vitro experiments showed that term EVTs are more 
permissive, and secreted higher levels of IFN-α2 and IFN-λ1 compared to TCV explants. The re-
sults suggest that, upon ZIKV persistence, the maternal-skewed decidua contributes to placental 
inflammatory and antiviral signature, through chronic deciduitis and IFNL upregulation. 
Although further studies are needed to elucidate the mechanisms underlying the decidual 
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responses against ZIKV. Hence, this study presents unique insights and valuable in vitro models for 
evaluating the immunological landscape of placentas upon ZIKV persistence.   

1. Introduction 

The Zika virus (ZIKV) belongs to the Flaviviridae family, genus Flavivirus, and is transmitted by Aedes sp. mosquitoes [1,2]. The 
ZIKV is the etiological agent of a myriad of congenital abnormalities, including microcephaly, cerebral anomalies, and ocular alter-
ations named Congenital Zika Syndrome (CZS), more frequent in ZIKV infection during early stages of pregnancy [3–8]. In Brazil, 
between 2015 and 2019, there were 3563 confirmed cases of CZS, with only 27 cases reported in 2020 [9]. Although the number of 
cases has decreased, ZIKV continues to circulate in the Americas during the COVID-19 pandemic, despite an inherent underreporting of 
ZIKV and other arbovirus infections. This, combined with the high dispersion and abundance of mosquito vectors, means that CZS 
remains a constant threat [10]. 

The placenta is a mother-fetus mixed organ that plays a key role in TORCHZ infections (Toxoplasma, Others, Rubella, Cytomeg-
alovirus, Herpes, and Zika) [11]. It has been shown that the ZIKV infection causes damage to the placenta, resulting in increased 
infiltration of CD68+ cells, heightened vascular permeability, and overexpression of various cytokines, metalloproteinases, and che-
mokines [12–15]. Indeed, placental inflammation is a significant threat to fetal neurodevelopment and has been linked to neuro-
developmental impairment in children aged between four and seven years old, even considering third-trimester infections [16,17]. 
Noteworthy, it is currently unclear why some placentas exhibit ZIKV persistence at term many months after the symptomatic infection. 
Most importantly, what are the clinical and immunological consequences of ZIKV persistence? 

A few studies have shown ZIKV persistence in the placental [18–21], and in other tissues as well [22,23]. This suggests that the fetus 
could be continuously exposed to the virus throughout pregnancy. However, no studies have been conducted to investigate the po-
tential outcomes of such viral persistence. In vitro studies have demonstrated that ZIKV can infect the main regions of the maternal-fetal 
interface, the basal decidua, and the chorionic villi. In the basal decidua, first trimester extravillous cytotrophoblast cells (EVTs), 
dendritic cells, macrophages, lymphocytes, and decidual cells, whereas in the chorionic villi, cytotrophoblasts (CTBs) and other cell 
types, such as Hofbauer cells are thought to help viral titer amplification [24–27]. Fewer manuscripts focused on infections during 
third trimester, and the most used model was the term chorionic villi (TCV) explant culture [28–30]. The studies demonstrated that the 
syncytiotrophoblast (STB) is resistant to ZIKV infection throughout the entire pregnancy, presenting a protective IFN-λ production [26, 
31]. The IFN-λ1-4 are cytokines that act as an immunological barrier, mainly produced by cells with epithelial or monocytic origins 
[32]. Furthermore, so far studies including in vitro ex vivo, and murine models accessed critical aspects of placental IFN-λ upon ZIKV 
infection, focusing mostly on first trimester setups. Nevertheless, it remains elusive whether the placental damages caused by ZIKV in 
clinical samples reflect in production changes of this key local innate antiviral factor. Herein, we sought to clarify the immunological 
repercussion of ZIKV persistence in term placentas using clinical samples from 65 pregnant women diagnosed with Zika during 
pregnancy and primary culture models of term EVTs and TCV explants. 

2. Materials and methods 

2.1. Human subjects and sample collection 

The samples were obtained from a retrospective study conducted at the Maternal and Child Hospital (IFF/Fiocruz) in Rio de 
Janeiro, Brazil. The study was approved by the Institutional Review Board (IRB/CAAE: 52675616.0.000.5269). This study analyzed 
placental samples from a clinical cohort of pregnant women with confirmed ZIKV infection according to the availability of samples, as 
well as healthy controls. Our study included pregnant adult women >18 years of age and their infants. The control group consisted of 
by women without any clinical symptoms or positive diagnosis of ZIKV infection. The ZIKV+ with confirmation of ZIKV infection 
during pregnancy by ZIKV PCR of maternal or neonatal urine, blood, or placental samples. Exclusion criteria included maternal HIV 
infection and pregnancies complicated by other congenital infections, known to cause infant neurologic damage (e.g., TORCH, 
CHIKV). All infants were evaluated for the following adverse neurologic outcomes: (a) microcephaly (head circumference z score of 
less than − 2), (b) abnormal brain imaging by pre- or post-natal ultrasound (e.g., computed tomography and/or magnetic resonance 
imaging), and/or (c) abnormal eye examination by fundoscopic examination. For the present study the CZS cases within the ZIKV +
cohort were classified by the presence of an abnormal diagnosis in at least one of these examinations. In addition, CZS classification 
was confirmed by a multidisciplinary team of neonatologists, neurologists, infectious disease specialists, geneticists, ophthalmologists, 
and physiotherapists. Clinical information regarding the trimester of pregnancy in which mothers first presented Zika symptoms 
(considered as the trimester of ZIKV infection) and CZS outcome was obtained from IFF/Fiocruz clinical staff records. The samples 
underwent processing and analysis for gene expression, placental ZIKV RT-qPCR, immunopathology, and immunofluorescence. The 
inclusion and exclusion criteria, as well as clinical and demographic details, were previously described [12]. The in vitro portion of this 
study utilized 12 term placentas obtained from healthy pregnant women who were being treated at Hospital Santo Antônio in Maceió, 
Alagoas, Brazil. The study was conducted with the permission of the local ethical committee (CAAE: 57828616.3.0000.5013) and 
followed the same inclusion and exclusion criteria. 
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2.2. Term placenta chorionic villi explants and extravillous trophoblast cell cultures 

Two cotyledons from healthy placentas were dissected, conditioned in 25 mL Hanks balanced saline solution (HBSS) containing 2 % 
penicillin, and processed within 4 h. Each cotyledon was washed twice with HBSS 2 % penicillin for 5 min. The TCVs were dissected in 
Petri plates using a scalpel blade and incubated in plates of 48-wells plates in D-MEM/F12 culture medium (5 explants/well), for 2 h at 
37 ◦C in an atmosphere of 5 % CO2. Primary EVT cells were isolated from three healthy placentas as previously described [33]. Briefly, 
basal plate fragments were coarsely minced, and ~5 g of wet tissue were incubated for 1 h with 20 mL of DMEM/F12 containing 4 % 
bovine serum albumin (Merck/Sigma-Aldrich, Germany), collagenase type II (125 U/mL, Merck/Sigma-Aldrich, Germany) and DNase 
type I (25 U/mL, Merck/Sigma-Aldrich, Germany), at 37 ◦C in a water bath, followed by inactivation with 20 % fetal bovine serum 
(FBS, Invitrogen, Carlsbad, CA, USA). The cell suspension was double filtered through a 100 μm mesh followed by a 70 μm mesh. The 
suspension was centrifuged at 400×g and the cells were washed and resuspended in DMEM/F12 (Merck/Sigma-Aldrich, Germany) 
supplemented with 1 % penicillin, 10 % FBS, 0.01 % insulin, 520 μg/mL calcium lactate, 56 μg/mL sodium pyruvate and 1 % nu-
cleosides. Cells were isolated using a gradient of 30 and 60 % Percoll (GE Healthcare, Uppsala, Sweden) followed by centrifugation at 
700×g for 30 min. EVT cells were collected from the top of the 30 % gradient. The cultures were incubated with 1.105 PFU of ZIKV for 
4 h at 37 ◦C in a 5 % CO2 atmosphere, washed with HBSS 2 % penicillin, and incubated with D-MEM/F12 for 48 h at 37 ◦C in a 5 % CO2 
atmosphere. 

2.3. In vitro ZIKV incubation 

The ZIKV PE243 strain (isolated in 2016 in Pernambuco, Brazil, third passage, stock titration of 1 × 108 FFU mL–1, GenBank 
accession MF352141.1) was kindly donated by Dr. Juliano Bordignon from the Instituto Carlos Chagas of Fundação Oswaldo Cruz 
(ICC/FIOCRUZ-PR). Viral propagation was performed with Aedes albopictus derived C6/36 cells were cultured with L-15 medium 
supplemented with 10 % (v/v) SBF, 10 % (v/v) tryptose, and 1 % PSA until 80 % confluence. Cell-free supernatants were harvested 5 
days post-infection (dpi), aliquoted, and stored at − 80 ◦C. Titration was performed after viral infection using green monkey kidney- 
derived Vero E6 cells cultured with supplemented DMEM for 1 h under gentle agitation. The media was changed, and cells were 
incubated with 1.5 % (w/v) carboxymethylcellulose (CMC) in DMEM with 2 % FBS at 1:1 (v/v). Plaque formation was observed at 5 
dpi after 10 % (v/v) formalin fixation and 2 % (v/v) violet crystal staining. The viral titration of PE243 was 3 × 105 PFU mL–1. The EVT 
cells were plated at 5 × 105 cells per well in 24-well plates for 24 h, with DMEM/F12 medium supplemented with 2 % SBF. Cells were 
infected with 1 multiplicity of infection (MOI) of PE243 ZIKV strain for 1 h according to the literature [34]. The supernatant was 
removed, and the cells were washed thoroughly with PBS. A new culture medium was added, and the cells were cultured for 24 h. The 
ZIKV infection efficiency was accessed by flow cytometry and RT-qPCR. Chorionic villi explants were incubated with 1.5 × 105 

PFU/mL of PE243 ZIKV strain for 24 h according to the literature [35]. Afterward, the explants were thoroughly PBS-washed and 
maintained with a new cultured media. The culture supernatants were used to quantify IFN-α-β-γ-λ1 and -λ2/3 using the LEGEND-
plex™ human type I, II, III IFN panel (BioLegend, San Diego, CA, USA) according to manufacturer instructions. The readings were 
performed employing a BD FACS Canto II (BD Biosciences, San Jose, CA, USA) and analyzed with Legendplex v. 8.0 (BioLegend, USA). 
The results were depicted in pg/mL. 

2.4. ZIKV PCR detection 

RT-qPCR was performed using the 2x QuantiTect Probe RT-PCR kit (Qiagen, Valencia, CA, USA) with the same primers and cycle 
times as previously described [36]. All the assays were performed in triplicate and fluorescence curves that crossed the threshold 
within or below 38 cycles were considered positive. 

2.5. Gene expression 

The placental gene expression data presented here are a re-analysis of raw data previously obtained [12]. Analysis of gene 
expression in placental tissue was performed using Fluidigm (Biomark platform) assays following a previously described workflow 
[37]. Briefly, the fluorescence accumulation data from each sample and each primer pair (Supplementary Table 1) were used to fit 
four-parameter sigmoid curves using the qPCR library from the R statistical package version 3.4.1. The cycle of quantification was 
determined according to the second derivative of the fit sigmoid curve and the gene efficiency. Endogenous controls RPL13 and 18S, 
selected by the geNorm method, were used to obtain the normalized expression of each sample [38]. For IFNL1-4 gene expression, 
TaqMan™ probes (Thermo Fisher Scientific, Waltham, MA, USA) were used according to the manufacturer’s instructions (respective 
assay IDs: Hs00601677_g1, Hs00820125_g1, Hs04193049_gH, and Hs04400217_g1) using 18S (assay ID Hs03003631_g1) as endog-
enous control. 

2.6. Histopathological analysis 

The whole placentas were sent fresh to the Department of Pathological Anatomy and Cytopathology of the IFF and preserved at 4 ◦C 
for up to 48 h. They were weighed and photographed for macroscopic pathological analysis. Placentas were then fixed in buffered 
formalin for a maximum of 30 h and five or more fragments of the chorion plate, including the region of the umbilical cord insertion, 
were cut. The fragments were then embedded in paraffin, sectioned at 4 μm, stained with the Hematoxylin and Eosin method, and 
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analyzed by light microscopy. 

2.7. Statistical analysis 

For all datasets, the Shapiro-Wilk was applied for testing normality. For placental clinical data, pairwise comparisons were made 
using the Mann-Withey U test were applied. One-way ANOVA Kruskal-Wallis with Dunn’s post-hoc test, correcting for multiple 
comparisons using statistical hypothesis testing, was used for comparisons between more than two groups or time points. For in vitro 

Fig. 1. Placental damage and IFN-λ response in relation to fetal CZS outcome. (A) Schematic representation of clinical cohort clustering, 
composed by not-infected healthy pregnant woman (n = 10) and pregnant woman diagnosed with Zika (n = 65). Mothers from Zika group presented 
first signs and symptoms of Zika during the first (n = 30), second (n = 21), and third trimester of pregnancy (n = 9), or asymptomatic Zika (n = 5). 
(B) Frequency of ZIKV persistence in at term placentas (C) chronic deciduitis, and (D) chronic villitis in the total Zika placenta and according to the 
trimester of Zika during pregnancy. (E) Frequency of ZIKV persistence in at term placentas (F) chronic deciduitis, and (G) chronic villitis in relation 
to CZS fetal outcome. (H) Detailed boxplots for log2 normalized expression of IFNL1-4 in term placenta from healthy controls, and placentas derived 
from fetuses with or without CZS. Comparisons using Kruskal-Wallis with Dunn test. P-values * ≤0.05, ** ≤0.01, ***≤ 0.005. 
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data, comparisons between two paired conditions were made using the Wilcoxon test. Unpaired pairwise comparisons were performed 
using the unpaired t-test. Two-tailed levels of significance ≤0.01, 0.05, and 0.1 were considered as “highly significant”, “significant”, 
and “suggestive”, respectively. All analyses and graphs were generated using GraphPad Prism 7.0 (GraphPad Software, San Diego, CA, 
USA). 

3. Results 

3.1. Chronic inflammation and ZIKV persistence in term placentas 

Sixty-five pregnant women with RT-qPCR confirmed cases of Zika during pregnancy were grouped according to the trimester of 
pregnancy in which symptoms of ZIKV infection occurred: first trimester (n = 30, 46 %), second trimester (n = 21, 32 %), third 
trimester (n = 9, 14 %), and asymptomatic (n = 5, 8 %) (Fig. 1A). Of these 65 cases, 18 term placentas (28 %) were positive for ZIKV, 
indicating viral persistence. When divided according to the gestational period of ZIKV infection, the viral persistence is present in 7 
samples (23 %) from ZIKV in the first trimester, 4 (19 %) in the second trimester, 4 (44 %) in the third trimester, and 3 (60 %) 
asymptomatic (Fig. 1B). The majority of Zika placentas had histopathological findings. Among them, 37 (58 %) placentas showed 
chronic deciduitis, including 14 (48 %) placentas from the first trimester, 14 (67 %) from the second trimester, 6 (67 %) from the third 
trimester, and 3 (60 %) asymptomatic (Fig. 1C). Chronic villitis was also found in 43 (66 %) placentas, including 18 (60 %) from the 
first trimester, 16 (76 %) from the second trimester, 5 (56 %) from the third trimester, and 4 (80 %) asymptomatic (Fig. 1D). The CZS 
outcome occurred in 29 cases (45 % of the total of Zika cases), coming mainly from in ZIKV infections during the first trimester (n = 22, 
76 %), but also from second trimester (n = 2, 7 %), asymptomatic cases (n = 5, 17 %). No significant differences were observed in the 
frequency of CZS with ZIKV persistence in term placentas, with chronic deciduitis or with chronic villitis (Fig. 1E–G). Therefore, our 
data do not demonstrate a direct association between the placental parameters of ZIKV persistence, chronic deciduitis or villitis with 
the CZS outcome. However, the placental immunologic profile, known to be associated with CZS, is modulated by these parameters. 

3.2. IFNL expression was decreased in term placentas from CZS pregnancies and with ZIKV persistence 

The transcriptional profile of Zika placenta has already been investigated in a previous study, where ZIKV infection and CZS 
outcomes were associated with higher levels of genes related to type I IFNs and lower levels of the protective type III interferons [12]. 

Fig. 2. IFNL expression in ZIKV persistent placentas. (A) Schematic representation of clinical cohort clustering. Term placentas were analyzed 
for ZIKV RT-qPCR and gene expression. The cohort was composed by healthy placentas (n = 10), and placentas from pregnancies with Zika (n = 65), 
further divided into ZIKV persistent (+) or absent (− ) (n = 18 and 47, respectively). (B) Volcano plot representing genes differentially expressed in 
ZIKV persistent placentas and healthy placentas, using Mann-Whitney test, p-value <0.05. Dots representing genes with no significant gene 
expression regulation (black dots), upregulated (red dots), and downregulated (blue dots). All fold changes are relative to healthy placentas. (C) 
Detailed boxplots for log2 normalized expression of IFNL1-4 dividing Zika placentas by which trimester they were diagnosed and subdivided in ZIKV 
persistence or absence as described. Each dot corresponds to one placenta analyzed. Comparisons using Kruskal-Wallis with Dunn test P-values ** 
≤0.01, * ≤0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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The current re-analysis of the previous data showed that the normalized expression of the placentas from neonates with CZS showed a 
reduction of all IFNL genes compared to Zika pregnancies without CZS (IFNL1 - CZS (− ) = median 0.37, quartiles Q1/Q3 0.29/0.64, 
CZS (+) = 0.25, 0.22/0.34, p < 0.001; IFNL2 - CZS (− ) = 0.63, 0.51/0.99, CZS (+) = 0.43, 0.29/0.57, p = 0.001; IFNL3 - CZS (− ) =
0.31, 0.20/0.45, CZS (+) = 0.21, 0.20/0.26, p = 0.014; IFNL4 - CZS (− ) = 0.34, 0.23/0.56, CZS (+) = 0.23, 0.21/0.28, p = 0.003). The 
placentas from CZS cases also showed a reduced expression of IFNL2 compared to healthy control placentas (Healthy = 0.67, 
0.52/0.93, CZS (+) = 0.43, 0.29/0.57, p = 0.010) (Fig. 1H). 

Regarding persistence at term, the placentas positive for ZIKV persistence had increased expression of IFIT5, IFNL1, IFNL4, AIM2, 
TNFSF9, and IL10, with reduced expression of IL2 compared to healthy control placentas (Fig. 2A and B). Furthermore, the differential 
expression of IFNL genes was performed according to the semester in which Zika symptoms and diagnosis occurred. This allowed us to 
follow the IFNL expression dynamics after ZIKV infection. When the infection occurred in the first trimester, term placentas with viral 
persistence showed increased IFNL1 (Zika 1st trimester (− ) = 0.25, 0.23/0.41, Zika 1st trimester (+) = 0.37, 0.34/0.68, p = 0.004), 
IFNL3 (Zika 1st trimester (− ) = 0.20, 0.19/0.22, Zika 1st trimester (+) = 0.27, 0.23/0.46, p = 0.007), and IFNL4 (Zika 1st trimester 
(− ) = 0.22, 0.20/0.25, Zika 1st trimester (+) = 0.30, 0.28/0.49, p = 0.006) expression compared to placentas without the virus, which 
had similar expression to healthy control placentas (Fig. 2C). However, the opposite was true for third trimester infections, where 
ZIKV-negative placentas had higher IFNL expression in comparison to healthy placentas (IFNL1- Healthy = 0.30, 0.23/0.41, Zika 3rd 
trimester (− ) = 0.70, 0.45/0.80, p = 0.023; IFNL3 - Healthy = 0.24, 0.22/0.27, Zika 3rd trimester (− ) = 0.34, 0.23/0.51, p = 0.029; 
and IFNL4 - Healthy = 0.25, 0.23/0.31, Zika 3rd trimester (− ) = 0.44, 0.26/0.61, p = 0.015) (Fig. 2C). Thus, the data suggest that the 
decrease in IFNL expression may result in the absence of a key placental protective response that is associated not only with CZS 
outcome, but also with viral persistence. 

3.3. ZIKV persistence in term placentas correlates to inflammatory signature 

A panel of genes were analyzed to verify whether viral persistence affected the transcriptional profile of term placentas. ZIKV- 

Fig. 3. ZIKV positivity in at-term placenta modulates transcriptional profile of IFN and inflammation-related genes. Detailed boxplots for 
log2 normalized expression comparing at-term placenta from healthy controls (n = 10), and placentas from pregnancies with Zika (n = 65), further 
divided into ZIKV persistent (+) or absent (− ) (n = 18 and 47, respectively). Genes analyzed were related to IFN – (A) IFNL1, (B) IFNL2, (C) IFNL3, 
(D) IFNL4, (E) IFNA1, (F) IFNB, and (G) IFIT5, and inflammation – (H) CCR2, (I) CCR3, (J) CCR5, (K) CXCL10, (L) TNFSF9, (M) IL10, (N) IL18, (O) 
IL22RA, (P) MMP2, and (Q) AIM2. Each dot corresponds to one placenta analyzed. Comparisons using Kruskal-Wallis with Dunn test P-values ** 
≤0.01, * ≤0.05. 
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persistent placentas showed an upregulation of: IFNL1 (ZIKV (− ) = 0.29, 0.25/0.43, ZIKV (+) = 0.38, 0.34/0.66, p = 0.005), IFNL2 
(ZIKV (− ) = 0.57, 0.38/0.80, ZIKV (+) = 0.78, 0.55/1.10, p = 0.047), IFNL3 (ZIKV (− ) = 0.22, 0.20/0.34, ZIKV (+) = 0.31, 0.24/0.47, 
p = 0.005), IFNL4 (ZIKV (− ) = 0.25, 0.21/0.41, ZIKV (+) = 0.34, 0.29/0.57, p = 0.001), IFNA1 (ZIKV (− ) = 0.23, 0.19/0.26, ZIKV (+) 
= 0.27, 0.24/0.29, p = 0.005), IFNB (ZIKV (− ) = 0.33, 0.27/0.39, ZIKV (+) = 0.44, 0.34/0.49, p = 0.026), IFIT5 (ZIKV (− ) = 0.18, 
0.15/0.19, ZIKV (+) = 0.19, 0.19/0.21, p = 0.001), CCR2 (ZIKV (− ) = 0.20, 0.18/0.22, ZIKV (+) = 0.22, 0.20/0.24, p = 0.010), CCR3 
(ZIKV (− ) = 0.19, 0.17/0.22, ZIKV (+) = 0.24, 0.21/0.26, p = 0.001), CCR5 (ZIKV (− ) = 0.22, 0.19/0.25, ZIKV (+) = 0.27, 0.23/0.30, 

Fig. 4. ZIKV persistence is associated with placental inflammation and upregulation of IFNL expression. (A) Term healthy placentas (n = 10) 
and Zika placentas (ZIKV (+)) (n = 18) were analyzed according to absence (n = 6) or presence (n = 12) of chronic deciduitis (CD) as well as 
absence (n = 6) or presence (n = 12) of chronic villitis (CV). The Zika-induced CD is characterized by diffuse mononuclear inflammatory cells. CV is 
characterized by stromal fibrosis and a discrete infiltrate of mononuclear inflammatory (black arrows). (B) Detailed boxplots for log2 normalized 
expression of IFNL1-4 in healthy and ZIKV persistence at term placenta CD (− ) or CD (+), and (C) CV (− ) or CV (+). Each dot corresponds to one 
placenta analyzed. Comparisons using Kruskal-Wallis with Dunn test. P-values ***≤ 0.005, ** ≤0.01, * ≤0.05, ns-non significant. 

T. Azamor et al.                                                                                                                                                                                                        



Heliyon 10 (2024) e30613

8

p = 0.010), CXCL10 (ZIKV (− ) = 0.25, 0.22/0.30, ZIKV (+) = 0.32, 0.27/0.34, p = 0.016), IL10 (ZIKV (− ) = 0.29, 0.24/0.35, ZIKV (+) 
= 0.37, 0.31/0.41, p = 0.008), IL18 (ZIKV (− ) = 0.26, 0.22/0.31, ZIKV (+) = 0.33, 0.29/0.37, p = 0.021), IL22RA (ZIKV (− ) = 0.24, 
0.21/0.30, ZIKV (+) = 0.30, 0.27/0.34, p = 0.014), MMP2 (ZIKV (− ) = 0.24, 0.21/0.27, ZIKV (+) = 0.28, 0.25/0.31, p = 0.012), and 
AIM2 (ZIKV (− ) = 0.46, 0.35/0.71, ZIKV (+) = 0.90, 0.72/1.00, p < 0.001) (Fig. 3). This scenario indicates a general inflammatory 
signature in these placentas compared to those without ZIKV persistence. 

Fig. 5. Production of IFNs in term placental models upon in vitro ZIKV infection. (A) Schematic representation of placental cellular models 
used for functional interferon investigation. Primary EVT cells (n = 3) and terminal chorionic villi (TCV) explants (n = 12) were isolated from 
healthy pregnant women, following by ZIKV infection in vitro for 24 h. (B and D) Radar plot representing means of pg/mL values of IFN-λ1, IFN-λ2/ 
3, IFN-α2, IFN-β, and IFN-γ under incubation of ZIKV (red line) or mock (blue line) in the supernatant of (B) EVT cells and (D) TCV explants. (C and 
E) Violin plot representing median and interquartile range of pg/mL values of IFN-λ1, and IFN-α2 in the supernatant of (C) EVT cells and (E) TCV 
explants under incubation of ZIKV (red) or mock (blue). (F) Fold change of IFN-λ1, and IFN-α2 calculated by the ratio of pg/mL values obtained in 
ZIKV and mock conditions in EVT cells and TCV explants. Considering p values. ≤ 0.01 * ≤0.05 and **≤ 0.01 by unpaired t-test. Statistical analysis 
by GraphPad Prism 5 program. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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3.4. IFNL expression correlates to decidual inflammation in ZIKV-persistent term placentas 

Of the 18 ZIKV-persistent term placentas, most of them had chronic deciduitis or chronic vilitis (Fig. 4A). Notably, all IFNL genes 
were upregulated in ZIKV-persistent placentas with chronic deciduitis compared to ZIKV-persistent placentas without chronic 
deciduitis (IFNL1 - CD (− ) = 0.32, 0.28/0.37, CD (+) = 0.63, 0.38/0.74, p = 0.002; IFNL2 - CD (− ) = 0.46, 0.46/0.57, CD (+) = 0.97, 
0.64/1.30, p = 0.007; and IFNL4 - CD (− ) = 0.29, 0.25/0.30, CD (+) = 0.55, 0.34/0.62, p = 0.033. Fig. 4B). The IFNL1 (Healthy =
0.30, 0.23/0.41, CD (+) = 0.63, 0.38/0.74, p < 0.001), IFNL3 (Healthy = 0.24, 0.22/0.27, CD (+) = 0.43, 0.26/0.51, p = 0.007) and 
IFNL4 (Healthy = 0.25, 0.23/0.31, CD (+) = 0.55, 0.34/0.62, p = 0.002) expression was significantly higher in the ZIKV persistent 
placentas with chronic deciduitis compared to healthy control placentas (Fig. 4B). Furthermore, the presence of chronic vilitis in ZIKV- 
persistent placentas correlated with upregulation of IFNL1 (Healthy = 0.30, 0.23/0.41, CV (+) = 0.38, 0.36/0.61, p = 0.024) and 
IFNL4 (Healthy = 0.25, 0.23/0.31, CV (+) = 0.36, 0.30/0.57, p = 0.007) in comparison to healthy control placentas and, although no 
further changes were found compared to ZIKV persistent placentas without chronic vilitis (Fig. 4C). Therefore, in a scenario of viral 
persistence, decidua inflammation contributes to an increase in placental IFNL expression. Next, we hypothesized that a specific cell 
type in the decidua might be involved in this IFNL induction. 

3.5. Term decidual EVT cells produce IFN-λ upon in vitro ZIKV infection 

First trimester EVT cells are permissive for ZIKV replication [25]. However, no study up to date has evaluated ZIKV infection in 
third trimester/term EVT cells. As they still play an important immunological regulatory role on decidual leukocytes and chronic 
deciduitis has been clearly shown to correlate with ZIKV persistence and upregulation of IFNL genes, we observed the behaviour of 
these cells upon ZIKV infection in vitro. As a result, the EVT cell isolation was considered to be mostly pure, as they presented a typical 
morphology, and 75.25 % (±6.2 %) of the cells were HLA-G positive by flow cytometry (Supplementary Fig. 1A). Of the HLAG + EVT 
cells, an average of 58.2 % (±4.53 %) were positive for ZIKV after 24 h incubation (Supplementary Fig. 1B). RT-qPCR confirmed ZIKV 
replication in term EVT cells, as culture supernatants contained 5.06 ± 1.4 × 104 PFU/μL after 24 h of infection (p = 0.036; Sup-
plementary Fig. 1C). The EVT cells showed basal production in the mock condition of IFNLλ2-3, IFN-α2, and IFN-β in the supernatant, 
whereas IFN-λ1 production was below the detection limit (Fig. 5B). After ZIKV infection, EVT cells responded with high levels of 
IFN-λ1 (Mock = 2.00, 1.50/2.00, ZIKV = 33.60, 10.90/52.70, p = 0.064), together with increased levels of IFN-α2 (Mock = 3.03, 
3.03/4.35, ZIKV = 17.10, 7.54/20.40, p = 0.042; Fig. 5C). 

Regarding terminal villi explant, they were also permissive to the ZIKV strain PE243, with a viral load 5.78 ± 1.34 × 105 PFU/μL (p 
= 0.023) after 24 h incubation (Supplementary Fig. 1D). In contrast to the EVT cells, the placental explants showed higher basal levels 
of the four cytokines analyzed (Fig. 5D). However, no changes in all the IFN were detected in the presence of the ZIKV (Fig. 5E). Finally, 
comparing those two different culture models, ZIKV-induced response was relatively higher in EVT cells than in chorionic villi explants 
for IFN-λ1 (EVT = 11.5, 3.72/18.00, TCV explants = 1.00, 0.34/1.70, p = 0.008) and IFN-α2 (EVT = 5.64, 1.73/6.74, TCV explants =
0.93, 0.60/1.30, p = 0.017) (Fig. 5F). Overall, considering the limitations of in vitro models, the data suggest the decidual EVT 
population as a responsive cell type contributing to the protective placental IFNL production. 

4. Discussion 

The ZIKV persistence has been demonstrated in term placentas [18–21] as well as in several other tissues [22,23]. However, the 
existing literature mainly reports the presence of ZIKV in term placentas without addressing the underlying consequences of this 
persistence. In particular, Bordoni et al. (2019) observed the persistence of ZIKV with replication capacity in mesenchymal stem cells 
derived from term placentas, infected during the second trimester of pregnancy [39]. Similarly, in a recent study by Barrozo et al. 
(2023), the persistence of ZIKV in term placentas was related with disruption of miRNA and RNAi pathways, using spatial tran-
scriptomics [40]. However, these studies have not provided a comprehensive understanding of why only certain placentas exhibit such 
persistence, the dynamics of viral activity and the immune response during pregnancy, particularly in cases where no clinical 
symptoms are apparent following disease diagnosis, or whether infections or persistence in the third trimester correlates with fetal 
complications. While many questions remain unanswered, our current study aimed to investigate placental viral persistence and its 
potential correlation with CZS outcome, IFN-λ response and histopathological observations. 

In this study, we assessed 18 term placentas (28 % of the total Zika diagnosed cases in our samples), that had persistent ZIKV 
infection. Notably, the data showed no association between viral persistence, chronic deciduitis, or villitis with CZS outcomes. 
However, as previously demonstrated, placentas derived from CZS-cases demonstrated a downregulation of all IFNL when compared to 
those from non-CZS cases, implicating a deficient antiviral response still occurring at term, despite the period of ZIKV infection [12]. 
Here, we confirmed this profile even comparing placenta from CZS cases with placentas from healthy controls. Thus, although there 
was no direct association between viral persistence and the development of CZS, the IFNL response was a common factor for these two 
outcomes. 

It has already been showed that IFNL can exert a resolutive function in viral infections, both by acting as a local antiviral agent or by 
modulating immunological responses towards a regulatory profile [31,41,42]. These investigations have demonstrated the resistance 
of the STB to ZIKV infection throughout pregnancy, attributable to its protective IFN-λ production, effectively establishing a potential 
barrier [26,31]. Furthermore, the production of type III interferons by the placenta or decidual cells appears to be dependent on 
placental maturation, regulating ZIKV infection only after the mid-gestational stage [26,43], and inhibiting ZIKV replication in CTBs 
and placental organotypic models [31,44]. Here, focusing on placentas from cases of Zika diagnosed in the third trimester of 
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pregnancy, i.e. accessing recent infections, data demonstrate that induction of IFNL response was associated with resolution of viral 
infection at term. In contrast, cases of ZIKV infection occurring during the first trimester resulted in a lower expression of these IFNL in 
placentas that had subsequently tested negative for ZIKV, possibly due the timing of infection, reflecting the resolution phase that 
occurred sometime earlier [41]. 

Regarding the general immunological response in Zika placentas, the analysis of the transcriptional profile demonstrated sustained 
high expression of genes related to antiviral responses (IFIT5, IFNL1, IFNL4, and AIM2), whereas the increase in TNFSF9 and IL10, with 
a reduction of IL2 could indicate an induction of T cell responses. Noteworthy, such alterations are expected during viral infections, but 
the ZIKV diagnostic was made during pregnancy, some of them several months before term. Other publications showed increased 
production of IL-1β, IL-10, TNF-α, TGF-β1, IL-6 and IL-8, MMPs, IFNs, and other immunological mediators, mostly associated with 
inflammation and vascular permeability in term placentas from ZIKV pregnancies [15,20,45,46]. The systemic inflammatory signature 
in newborns could also be associated with immunopathological responses that contribute to the CZS outcome [47]. Here, data suggests 
that ZIKV persistence can enhance this immunopathological profile, since the genes upregulated indicate an inflammatory signature 
(CCR2, CCR3, CCR5, CXCL10, TNFS9, IL10, IL18, IL22RA, MMP2, and AIM2). Together with inflammation, ZIKV persistence led to 
upregulation of genes associated to antiviral response (IFNL1, IFNL2, IFNL3, IFNL4, IFNA1, IFNB, IFIT5). This profile suggests that 
placental tissue could be trying continue fighting the long and continuous ZIKV infection, even months after Zika diagnosis. 

As indicated by the upregulated gene signature suggestive of both inflammation and antiviral activity, we proceeded to investigate 
the presence of histopathological findings on the ZIKV persistent placentas. These persistent ZIKV-positive placentas with chronic 
vilitis and deciduitis exhibited heightened expression of IFNL1 and IFNL4, and chronic deciduitis alone displayed upregulation of 
IFNL2 and IFNL3. Taken together, data suggest that placentas harboring ZIKV but devoid of inflammatory modifications may not 
actively participate in combatting the virus throughout pregnancy. The association between histopathological alterations and ZIKV 
infection has been documented in prior studies [13,15,20,48]. These investigations have underscored variations in placentas stemming 
from pregnancies affected by Zika, including increased infiltration of neutrophils, macrophages, and lymphocytes within the chorionic 
villi [15,20]. Taken together, these observations suggest that maternal leukocyte infiltration may constitute a component of the 
resolution process aimed at eradicating ZIKV, possibly triggering IFNL response by trophoblasts, a major source of IFNL in the placenta 
[31]. 

Numerous studies have employed cell lines to elucidate the intricacies of ZIKV infection within the placenta [34,49–52]. Com-
plementary experimental approaches, encompassing human placental explants and bi- and tri-dimensional culture models, have 
consistently reaffirmed the placenta’s susceptibility to ZIKV infection and its ability to support viral replication [24,26]. Consequently, 
first trimester placentas are notably prone to ZIKV infection in a variety of cells [25–27,53]. Moreover, alternative 3D culture models 
employing primary cells from first trimester placentas have shown that decidual cells exhibit heightened responsiveness in terms of 
IFN-λ production when challenged by ZIKV, compared to cells derived from the chorionic villi. This heightened responsiveness is 
particularly noteworthy considering their relatively lower basal levels of IFN-λs [26]. 

To date, at term placentas studies conducted in vitro have centered around chorionic villi explants. These studies have consistently 
revealed that the STB and CTBs exhibit increased resistance to Zika virus (ZIKV) infection [31,53,54,55]. Additionally, the infected 
explants have been shown to secrete various cytokines, including IL-1β, IL-10, TNF-α, TGF-β1, IL-6, IL-8, matrix metalloproteinases 
(MMPs), and all types of IFNs [15,20,45]. In our explant experiments, we observed outcomes consistent with those described by 
Ribeiro and collaborators (2018) regarding IFN production [28]. All explants exhibited basal IFN production as previously reported. 
However, we did not observe an increase in any IFN production after 24 h of ZIKV infection. This discrepancy could potentially be 
attributed to the lack of further timepoints analyzed post ZIKV infection in both primary cell culture models, given the particular 
kinetics of IFN production in these specific cell types. Further, variations in the ZIKV strain used or genetic differences in IFNL 
expression, as single nucleotide polymorphisms (SNPs) in IFN genes have been shown to influence placental responsiveness [12]. Due 
to these limitations, further studies with large sample numbers and collection time points are needed to better characterize the effects 
of ZIKV infection on IFN-λ response in placental chorionic villi. 

Furthermore, we opted to investigate infection in term isolated EVT cells, given their critical role in maternal immunomodulation 
and their location in the basal decidua [56]. Our findings demonstrate, for the first time, that term isolated EVT cells are permissive to 
ZIKV infection and support viral replication. Since these cells play a crucial role in the immune regulation of the basal decidua, we 
analyzed their IFN response pattern. Our results revealed that these cells exhibit basal production levels of all IFNs, with a prominent 
increase in IFN-α2 and IFN-λ1 production following ZIKV infection. This underscores their heightened responsiveness to viral presence 
compared to cells located in the chorionic villi. The elevated levels of the IFNs may upregulate chemokine genes, such as CXCL10, 
potentially increasing the recruitment of mononuclear leukocytes and contributing to the chronic deciduitis observed in these pla-
centas [57]. It is worth noting that the CXCL10 gene was indeed upregulated in these placentas with ZIKV persistence, as we have 
demonstrated. 

Hence, our data suggest that EVT cells, along with maternal leukocytes significantly contribute to the increased expression of IFNL 
in placentas with chronic deciduitis resulting from ZIKV persistence. This also contributes to observed the inflammatory and antiviral 
signature in these placentas. This interpretation is supported by a previous study in the murine model, which inferred that the antiviral 
effect of IFN-λ resulted specifically from signaling in the maternal region of the maternal-fetal interface [41]. Indeed, a case-control 
study conducted with another Brazilian cohort demonstrated that the maternal IFNL polymorphism rs8099917 GG, characterized by 
low IFN-λ production, is associated with the CZS outcome [58,59]. While this interpretation may seem reasonable, there are still 
unanswered questions about the specific mechanisms that coordinate the resolution of ZIKV through inflammatory infiltration. 
Additionally, it is unclear why some placentas take longer to eliminate the virus compared to others that do not initiate the viral 
clearance process. 
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Due to the limited number of samples available, we were unable to perform cohort sub-stratifications, which would have been 
highly valuable for gaining a more nuanced understanding of the implications of viral and host variants on IFNL expression. Addi-
tionally, the unbalanced sample size among participant groups limits the statistical tests applied in this study. In summary, this study 
provides unique insights into the phenomenon of ZIKV persistence and its potential impact on the immune system. The data presented 
raises the question of why some placentas with ZIKV persistence do not show an increase in IFNL expression or chronic deciduitis. It is 
possible that the spatial distribution of ZIKV within the placenta may influence such a response. 

Therefore, our findings suggest a correlation between deciduitis and increased IFNL expression, indicating the presence of chronic 
inflammation that could potentially extend for weeks or months. This chronic inflammatory state may have implications for fetal 
neurodevelopment, highlighting the need for further investigations to uncover the neonatal and infant consequences in these ZIKV 
placental persistence cases. 
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Melgaço: Writing – review & editing, Investigation. Andréa Marques Vieira da Silva: Writing – review & editing, Investigation, 
Formal analysis. Marcelo Ribeiro-Alves: Writing – review & editing, Formal analysis. Thyago Leal Calvo: Writing – review & editing, 
Data curation. Luciana Neves Tubarão: Writing – review & editing, Investigation. Jane da Silva: Writing – review & editing, 
Investigation. Camilla Bayma Fernandes: Writing – review & editing, Investigation. Alessandro Fonseca de Souza: Writing – review 
& editing, Investigation. Amanda Torrentes de Carvalho: Writing – review & editing, Data curation. Elyzabeth Avvad-Portari: 
Writing – review & editing, Visualization, Data curation. Letícia da Cunha Guida: Writing – review & editing, Data curation. Leo-
nardo Gomes: Writing – review & editing, Data curation. Maria Elisabeth Lopes Moreira: Writing – review & editing, Data curation. 
Ana Paula Dinis Ano Bom: Writing – review & editing, Resources, Funding acquisition. Patrícia Cristina da Costa Neves: Writing – 
review & editing, Supervision, Resources, Funding acquisition. Sotiris Missailidis: Writing – review & editing, Resources, Funding 
acquisition. Zilton Vasconcelos: Writing – review & editing, Supervision, Data curation, Conceptualization. Alexandre Urban 
Borbely: Writing – review & editing, Writing – original draft, Visualization, Resources, Funding acquisition, Conceptualization. 

Declaration of competing interest 

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper. 

Acknowledgments 

The authors would like to thank the Vice Diretoria de Desenvolvimento de Biomanguinhos, and Laboratório de Hanseníase, 
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[35] K. Hermanns, C. Göhner, A. Kopp, A. Schmidt, W.M. Merz, U.R. Markert, S. Junglen, C. Drosten, Zika virus infection in human placental tissue explants is 
enhanced in the presence of dengue virus antibodies in-vitro, Emerg. Microb. Infect. 7 (1) (2018) 198, https://doi.org/10.1038/s41426-018-0199-6. 

[36] R.S. Lanciotti, O.L. Kosoy, J.J. Laven, J.O. Velez, A.J. Lambert, A.J. Johnson, S.M. Stanfield, M.R. Duffy, Genetic and serologic properties of Zika virus associated 
with an epidemic, Yap State, Micronesia, 2007, Emerg. Infect. Dis. 14 (8) (2008) 1232–1239, https://doi.org/10.3201/eid1408.080287. 

[37] L.T. Guerreiro, A.B. Robottom-Ferreira, M. Ribeiro-Alves, T.G. Toledo-Pinto, T. Rosa Brito, P.S. Rosa, F.G. Sandoval, M.R. Jardim, S.G. Antunes, E.J. Shannon, E. 
N. Sarno, M.C. Pessolani, D.L. Williams, M.O. Moraes, Gene expression profiling specifies chemokine, mitochondrial and lipid metabolism signatures in leprosy, 
PLoS One 8 (6) (2013) e64748, https://doi.org/10.1371/journal.pone.0064748. 

[38] J. Vandesompele, K. De Preter, F. Pattyn, B. Poppe, N. Van Roy, A. De Paepe, F. Speleman, Accurate normalization of real-time quantitative RT-PCR data by 
geometric averaging of multiple internal control genes, Genome Biol. 3 (7) (2002) Research0034, https://doi.org/10.1186/gb-2002-3-7-research0034. 

[39] V. Bordoni, E. Lalle, F. Colavita, A. Baiocchini, R. Nardacci, L. Falasca, F. Carletti, E. Cimini, L. Bordi, G. Kobinger, Rescue of replication-competent ZIKV hidden 
in placenta-derived mesenchymal cells long after the resolution of the infection, in: Open Forum Infectious Diseases, Oxford University Press US, 2019. 

[40] E.R. Barrozo, M.D. Seferovic, M.P. Hamilton, D.N. Moorshead, M.D. Jochum, T. Do, D.S. O’Neil, M.A. Suter, K.M. Aagaard, Zika virus co-opts microRNA 
networks to persist in placental niches detected by spatial transcriptomics, Am. J. Obstet. Gynecol. (2023), https://doi.org/10.1016/j.ajog.2023.08.012. 

[41] R.L. Casazza, D.T. Philip, H.M. Lazear, Interferon lambda signals in maternal tissues to exert protective and pathogenic effects in a gestational stage-dependent 
manner, mBio 13 (3) (2022), https://doi.org/10.1128/mbio.03857-21. 

[42] A.M.V. da Silva, L.E. Alvarado-Arnez, T. Azamor, L.R. Batista-Silva, T. Leal-Calvo, O.C.L. Bezerra, M. Ribeiro-Alves, F.S.G. Kehdy, P. Neves, C. Bayma, J. da 
Silva, A.F. de Souza, M. Muller, E.F. de Andrade, A.C.M. Andrade, E.M. Dos Santos, J.R. Xavier, M.L.S. Maia, R.P. Meireles, H.N. Cuni, G.B. Sander, P.D. Picon, D. 
C.S. Matos, M.O. Moraes, Interferon-lambda 3 and 4 polymorphisms increase sustained virological responses and regulate innate immunity in antiviral therapy 
with pegylated interferon-alpha, Front. Cell. Infect. Microbiol. 11 (2021) 656393, https://doi.org/10.3389/fcimb.2021.656393. 

[43] B.W. Jagger, J.J. Miner, B. Cao, N. Arora, A.M. Smith, A. Kovacs, I.U. Mysorekar, C.B. Coyne, M.S. Diamond, Gestational stage and IFN-λ signaling regulate ZIKV 
infection in utero, Cell Host Microbe 22 (3) (2017) 366–376.e3, https://doi.org/10.1016/j.chom.2017.08.012. 

[44] J. Corry, N. Arora, C.A. Good, Y. Sadovsky, C.B. Coyne, Organotypic models of type III interferon-mediated protection from Zika virus infections at the maternal- 
fetal interface, Proc. Natl. Acad. Sci. U. S. A. 114 (35) (2017) 9433–9438, https://doi.org/10.1073/pnas.1707513114. 

[45] C. Maucourant, G.A.N. Queiroz, A. Samri, M.F.R. Grassi, H. Yssel, V. Vieillard, Zika virus in the eye of the cytokine storm, Eur. Cytokine Netw. 30 (2019) 74–81. 
[46] Z. Zhao, Q. Li, U. Ashraf, M. Yang, W. Zhu, J. Gu, Z. Chen, C. Gu, Y. Si, S. Cao, J. Ye, Zika virus causes placental pyroptosis and associated adverse fetal outcomes 

by activating GSDME, Elife 11 (2022), https://doi.org/10.7554/eLife.73792. 
[47] C.L. Vinhaes, M.B. Arriaga, B.L. de Almeida, J.V. Oliveira, C.S. Santos, J.I. Calcagno, T.X. Carvalho, M. Giovanetti, L.C.J. Alcantara, I.C. de Siqueira, Newborns 

with Zika virus-associated microcephaly exhibit marked systemic inflammatory imbalance, J. Infect. Dis. 222 (4) (2020) 670–680. 
[48] G.R. Santos, C.A. Pinto, R.C. Prudente, E.M. Bevilacqua, S.S. Witkin, S.D. Passos, Z.V.C.S. Group, Histopathologic changes in placental tissue associated with 

vertical transmission of zika virus, Int. J. Gynecol. Pathol. 39 (2) (2020) 157–162. 
[49] P. Aldo, Y. You, K. Szigeti, T.L. Horvath, B. Lindenbach, G. Mor, HSV-2 enhances ZIKV infection of the placenta and induces apoptosis in first-trimester 

trophoblast cells, Am. J. Reprod. Immunol. 76 (5) (2016) 348–357. 
[50] B. Cao, L.A. Parnell, M.S. Diamond, I.U. Mysorekar, Inhibition of autophagy limits vertical transmission of Zika virus in pregnant mice, J. Exp. Med. 214 (8) 

(2017) 2303–2313. 
[51] N. Arumugasaamy, L.E. Ettehadieh, C.-Y. Kuo, D. Paquin-Proulx, S.M. Kitchen, M. Santoro, J.K. Placone, P.P. Silveira, R.S. Aguiar, D.F. Nixon, Biomimetic 

placenta-fetus model demonstrating maternal–fetal transmission and fetal neural toxicity of zika virus, Ann. Biomed. Eng. 46 (2018) 1963–1974. 
[52] P.G. Muthuraj, P.K. Sahoo, M. Kraus, T. Bruett, A.S. Annamalai, A. Pattnaik, A.K. Pattnaik, S.N. Byrareddy, S.K. Natarajan, Zika virus infection induces 

endoplasmic reticulum stress and apoptosis in placental trophoblasts, Cell Death Discovery 7 (1) (2021) 24. 
[53] K.M. Aagaard, A. Lahon, M.A. Suter, R.P. Arya, M.D. Seferovic, M.B. Vogt, M. Hu, F. Stossi, M.A. Mancini, R.A. Harris, M. Kahr, C. Eppes, M. Rac, M.A. Belfort, C. 

S. Park, D. Lacorazza, R. Rico-Hesse, Primary human placental trophoblasts are permissive for zika virus (ZIKV) replication, Sci. Rep. 7 (2017) 41389, https:// 
doi.org/10.1038/srep41389. 

[54] K.A. Jurado, M.K. Simoni, Z. Tang, R. Uraki, J. Hwang, S. Householder, M. Wu, B.D. Lindenbach, V.M. Abrahams, S. Guller, E. Fikrig, Zika virus productively 
infects primary human placenta-specific macrophages, JCI Insight 1 (13) (2016), https://doi.org/10.1172/jci.insight.88461. 

[55] K.M. Quicke, J.R. Bowen, E.L. Johnson, C.E. McDonald, H. Ma, J.T. O’Neal, A. Rajakumar, J. Wrammert, B.H. Rimawi, B. Pulendran, R.F. Schinazi, 
R. Chakraborty, M.S. Suthar, Zika virus infects human placental macrophages, Cell Host Microbe 20 (1) (2016) 83–90, https://doi.org/10.1016/j. 
chom.2016.05.015. 

[56] F.M.E. Teixeira, A.J. Pietrobon, L.M. Oliveira, L. Oliveira, M.N. Sato, Maternal-fetal interplay in zika virus infection and adverse perinatal outcomes, Front. 
Immunol. 11 (2020) 175, https://doi.org/10.3389/fimmu.2020.00175. 
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