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Editorial on the Research Topic 


Viral Infection at the Maternal-Fetal Interface




The emergence of infections such as Zika virus (ZIKV) has highlighted the importance of understanding diseases that can be transferred vertically from mother to the fetus. Viruses constitute a large proportion of TORCH pathogens [Toxoplasmosis, Other (syphilis, varicella-zoster, parvovirus B19, Zika), Rubella, Cytomegalovirus (CMV), and Herpes infections], which can result in congenital infections impacting neonatal health and neurodevelopment. Maternal and fetal immunity are critical for infection clearance, while pathogens have evolved to evade both innate and adaptive immune responses that restrict infection spread. In this collection of research articles and reviews, researchers have discussed the interplay between a mothers’ immunity and the fetal developing immune system as well as the consequences to fetal health during congenital viral infections.

The human full-term pregnancy is approximately 40 weeks and divided in to three trimesters reflecting stages of development. Gestational age at the time of exposure to infections is one of the important determinants of congenital disease outcomes. For example, ZIKV infection during the first trimester of pregnancy is associated with a higher risk of developing birth defects such as microcephaly and ocular defects in newborns (1). This was elegantly supported by Newman et al. in a study mimicking the sexual transmission of ZIKV infection by intravaginal inoculation of ZIKV in rhesus macaques during developmental time points consistent with the first trimester of pregnancy. The pregnant females exposed to ZIKV during early gestation were found to have non-viable embryos and viral RNA was detected in the demised embryos, supporting a risk of pregnancy loss during early gestation. In contrast to ZIKV, CMV infections are associated with adverse fetal health outcomes when infection occurs during the late gestation periods of second-third trimester (2). To address the increased susceptibility of CMV infection during late gestation, Berkebile et al. used a Guinea pig model of CMV infection. When guinea pigs were infected at days 21 and 35 of gestation (equivalent to mid to late gestational time points in humans), maternal and placental viral load did not differ between the two infection groups. However, transcriptome analysis revealed significant changes in transcripts associated with immune activation in the gestational day 35 infection group suggesting placental sensitization to injury during late gestation CMV infection. In contrast to ZIKV infection, which is acute and is mainly transferred in utero (3), HIV transmission from mother to child can occur during various stages of pregnancy and at the time of birth or after birth. This complex nature of HIV transmission from mother to child was reviewed for this collection by Amin et al. They elaborately discussed HIV infection in the context of early life immune responses and viral persistence. Together these studies emphasize the importance of infection timing during pregnancy and early life to immune and functional outcomes of viral infections.

The placenta is a unique organ that emerges in the context of pregnancy to provide nourishment and gas exchange for the developing fetus (4). This critical role is balanced by the need for immune functions that protect mother and developing fetus from adverse outcomes, including congenital infections. The structure of the placenta is central to this role, with the maternal decidua segregated from the placenta through a network of tight barriers involving the syncytiotrophoblast cells and fetal endothelium, where active transport processes are involved in allowing specific substances and molecules to pass from mother to fetus. The complexities of the maternal-fetal interactions at the placental interface are emphasized by the presence of the fully functional maternal immune system, which must interact with newly developing fetal immunity. Thus, during healthy pregnancies, immune responses at the maternal-fetal interface are characterized by immune tolerance (5), which must be balanced with the need to provide protection from pathogens. This complexity in the maternal immune system is highlighted by Moström et al. utilizing a pregnancy model of rhesus macaques. Various innate and adaptive cell populations were profiled in the maternal decidua and in the peripheral blood of pregnant mothers. When comparing healthy and ZIKV-infected pregnancies, signatures of immune suppression with reduced recruitment of functional cytotoxic T cells were observed in ZIKV-infected pregnancies, suggesting reduced capacity for infection clearance.

Viral infection at the maternal-fetal interface could cause placental insufficiency resulting in intra uterine growth restriction (IUGR) and thereby limiting normal fetal growth (6). Experimentally, using wildtype and type-I interferon deficient mice, Andrade et al. show that ZIKV infection resulted in the release of proinflammatory mediators and disrupted the abca1 transporter in the placenta, leading to placental insufficiency and IUGR. In humans, Ronchi et al. utilized morphometric analysis of placenta tissue from ZIKV- and HIV-infected pregnant women. Their data revealed pathological similarities such as increased numbers of knots, sprouts, and CD163+ Hofbauer cell hyperplasia with more pronounced Hofbauer cell hyperplasia in ZIKV compared to HIV infected pregnancies. Morphologic features of the placenta were also investigated by Rebutini et al. in the context of maternal SARS-CoV-2 infection. Although SARS-CoV-2 is not well established to vertically transmit from mother to fetus (7, 8), this report highlights its potential of maternal viral infection to influence fetal outcomes by impacting the placental tissue. Strikingly, the authors observed both maternal and fetal malperfusion during COVID-19, and found that pregnant women with SARS-CoV-2 infection were more likely to display chronic histiocytic intervillositis, which is an inflammatory disorder involving infiltration of histiocytes/macrophages into the placenta (9). These reports providing comparisons of the virus-induced changes to the placental ultrastructure in the context of chronic versus acute viral infections highlight that there are likely similar pathways that are triggered to restrict viral infection during pregnancy at the maternal-fetal interface and that these could influence the health of the placental tissue.

Recognizing breast feeding as another important component of maternal-infant exchange with the potential to influence immunity and infection, García et al. characterized the influence of SARS-CoV-2 infection on immune compounds in breast milk. Using a case control study design, they revealed a profile of immune activation that could be detected in the form of higher levels of pro-inflammatory cytokines such as Eotaxin, IP-10, MIP-1α, and RANTES, as well as several growth factors. The pro-inflammatory profile of breast milk from SARS-CoV-2 convalescent mothers is likely supportive of the role of breast milk in providing immune protection to infants from viral infections to which they are likely to be exposed post-partum.

Maternal adaptive immune responses that are pre-existing also have the potential to influence fetal outcomes during pregnancy. In the context of flavivirus infections, exposure to multiple flaviviruses in a lifetime is common, and these heterologous immune responses are often cross-reactive but non-neutralizing and cannot induce full protection against closely related viruses (10). Antibodies against dengue virus for example, have been shown to enhance replication of ZIKV through both antibody-dependent enhancement of infection (ADE) involving uptake of virus/antibody immune complexes via Fc receptors on permissive cells such as monocytes, or through transplacental trafficking using the FcRN receptor (11, 12). Acklin et al. addressed the question of whether West Nile Virus (WNV) antibodies could influence ZIKV pathogenesis in a murine model using STAT2-/- mice to enhance disease severity. They found similar resorption rates, fetal and placental sizes and virus infection levels in the presence of human WNV-specific antibodies in mice, in spite of those antibodies promoting efficient ADE in vitro, suggesting WNV-specific antibodies to have negligible influence on enhancement of ZCS.

Adaptive immune responses in donors with a history of ZIKV infection during pregnancy were examined in depth by Badolato-Corrêa et al. Extensive characterization of antigen-specific CD4 and CD8 T cells highlighted the rapid decay of ZIKV-specific CD8 T cells relative to CD4 T cells in the months following infection resolution. Interestingly, the authors highlight that there were not significant differences between the T cell responses of mothers with asymptomatic children, versus children with ZCS. This study suggests that similar memory T cell responses are induced by mild and severe congenital disease in the context of ZIKV infection.

Finally, one study investigated whether interventions could be used to prevent fetal complications or severe outcomes of infection. Marim et al. demonstrated that targeting of fetal kynurenine pathway signaling during ZIKV infection in mice could improve neurological outcomes of congenital infection.

Together the articles in this Research Topic advance our understanding of immunological mechanisms promoting health or disease at the maternal-fetal interface during viral infections.
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Background: Zika virus (ZIKV) infection causes for mild and self-limiting disease in healthy adults. In newborns, it can occasionally lead to a spectrum of malformations, the congenital Zika syndrome (CZS). Thus, little is known if mothers and babies with a history of ZIKV infection were able to develop long-lasting T-cell immunity. To these issues, we measure the prevalence of ZIKV T-cell immunity in a cohort of mothers infected to the ZIKV during pregnancy in the 2016–2017 Zika outbreak, who gave birth to infants affected by neurological complications or asymptomatic ones.

Results: Twenty-one mothers and 18 children were tested for IFN-γ ELISpot and T-cell responses for flow cytometry assays in response to CD4 ZIKV and CD8 ZIKV megapools (CD4 ZIKV MP and CD8 ZIKV MP). IFN-γ ELISpot responses to ZIKV MPs showed an increased CD4 and CD8 T-cell responses in mothers compared to children. The degranulation activity and IFN-γ-producing CD4 T cells were detected in most mothers, and children, while in CD8 T-cells, low responses were detected in these study groups. The total Temra T cell subset is enriched for IFN-γ+ CD4 T cells after stimulation of CD4 ZIKV MP.

Conclusion: Donors with a history of ZIKV infection demonstrated long-term CD4 T cell immunity to ZIKV CD4 MP. However, the same was not observed in CD8 T cells with the ZIKV CD8 MP. One possibility is that the cytotoxic and pro-inflammatory activities of CD8 T cells are markedly demonstrated in the early stages of infection, but less detected in the disease resolution phase, when the virus has already been eliminated. The responses of mothers' T cells to ZIKV MPs do not appear to be related to their children's clinical outcome. There was also no marked difference in the T cell responses to ZIKV MP between children affected or not with CZS. These data still need to be investigated, including the evaluation of the response of CD8 T cells to other ZIKV peptides.

Keywords: Zika, T cells, memory, pregnancy, congenital Zika syndrome (CZS)


INTRODUCTION

The emergence of ZIKV in dengue-endemic regions creates a potentially alarming scenario, as those caused by the ZIKV epidemic spread across countries, especially the Americas, during 2015–2016 (1, 2). At present, half of the world's population is considered at risk of dengue virus (DENV), and cases of ZIKV continue to be reported globally (3, 4).

DENV and ZIKV are members of the family Flaviviridae and are among the several medically important viruses (5). Both are spread via the bite of infected mosquitoes, Aedes spp., whose ecological niches expand beyond the tropical and sub-tropical regions (6). Moreover, ZIKV can be transmitted via sexual contact (7, 8). It persists for weeks in the reproductive tract (9–11) and undergoes vertical transmission from a mother to fetus (12–15). During Latin America and French Polynesia outbreaks, ZIKV infection typically produces mild symptoms that resolve rapidly. However, when an infection occurs during pregnancy, occasional vertical transmission can lead to a spectrum of devastating neurodevelopmental aberrations, collectively referred to as congenital Zika syndrome (CZS) (16). Conflicting data sets indicate that infants born to mothers infected with ZIKV during pregnancy carry up to 42% risk of developing overt clinical or neuroimaging abnormalities (17–21).

ZIKV is closely related to four serotypes of DENV. They are a positive-sense, single-stranded enveloped RNA virus. The genome encodes a polyprotein, which is processed into three structural proteins [the capsid (C), premembrane (prM), and the envelope (E) protein] and seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) (22). DENV and ZIKV share 55.1–56.3% amino acid sequence identity (23).

Tonnerre et al. performed a remarkably interesting longitudinal study with samples from 10 non-pregnant women with ZIKV-confirmed acute infection. For the T cell response, the authors confirmed different virus-specific targets for CD4 and CD8 T cells (24). They found that previous DENV infections largely affect the humoral response to ZIKV, with effects on the T cell side limited to increasing the frequency of ZIKV-specific CD8 T cells in some patients (24, 25).

Although viral infections are common during pregnancy, transplacental passage, and fetal infection appear to be the exception rather than the rule. Viral infections during pregnancy have been linked to adverse pregnancy outcomes and birth defects in offspring. Unfortunately, there are limited therapeutic or preventive tools to protect both mother and fetus during pandemics (26).

In the present study, we studied ZIKV memory T cell responses from a cohort of mothers infected with ZIKV during pregnancy in the 2016–2017 Zika outbreak who gave birth to infants affected by neurological complications or asymptomatic ones. These donors with a history of ZIKV infection were evaluated in 2018–2019, 2–3 years after ZIKV infection. This cohort provides a unique opportunity to study ZIKV immunity in an infection occurring during pregnancy and compare it with longitudinal follow-up samples.



MATERIALS AND METHODS


Study Design, Volunteers, and Samples

A cross-sectional study was carried out in pregnant mothers infected with ZIKV and children born to mothers who reported rash during pregnancy overlapping with the ZIKV Public Health Emergency of National Concern in Brazil period (November 2015 and May 2017). These donors' cohort was referred from the Exanthematic Diseases Unit at the Hospital Universitário Antonio Pedro of the Universidade Federal Fluminense (HUAP/UFF) located in Niteroi, Rio de Janeiro (Brazil). Laboratory evidence for ZIKV infection during pregnancy was based on a mother's positive quantitative real-time (qRT)-PCR test result on serum and/or urine samples, done at the flavivirus reference laboratory of Rio de Janeiro State (LACEN, RJ, Brazil) and confirmed by Multiuser Laboratory for Research Support in Nephrology and Medical Science (LAMAP, UFF, Brazil) (27). A qRT-PCR positive test result at any point after maternal rash onset confirmed the ZIKV infection within the first 5 days of rash and/or the urine sample was tested by the 14th day. So, we included 21 pregnant mothers who presented rash, with or without other clinical symptoms suggestive of arbovirus infections, such as arthralgia, myalgia, fever, headache, and conjunctival hyperemia. The exclusion criteria were mothers who were positive with a qRT-PCR for other arboviruses such as chikungunya and dengue. Moreover, mothers who presented positive test results to syphilis, toxoplasmosis, rubella, cytomegalovirus, and HIV infection were excluded. All serology tests were performed by the Service of Clinical Pathology (HUAP, UFF Brazil) (Figure 1). Three mothers were infected in the first trimester of pregnancy, 14 in the second trimester, 3 in the third trimester, and 1 before pregnancy (Table 1), thus making any laboratory diagnosis of acute Zika infection in babies impossible.
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FIGURE 1. The experimental design used in this study.



Table 1. Characteristics of the recovered mothers infected to Zika virus during pregnancy and their intrauterine exposed children recruited from 2018 to 2019.
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Eighteen children aged 17–38 months with a history of intrauterine exposure to ZIKV were classified as asymptomatic or with CZS if the test was negative for other congenital infections. The asymptomatic ZIKV group (positive maternal qRT-PCR, n = 9) consisted of patients with maternal exposure to ZIKV during pregnancy and no clinical evidence of CZS. The CZS ZIKV group (positive maternal qRT-PCR, n = 9) consisted of patients with exposure to ZIKV during pregnancy and with clinical evidence of CZS. Under both ZIKV conditions, mothers had negative results for other infectious agents (syphilis, toxoplasmosis, rubella, cytomegalovirus, and HIV). All participants were clinically evaluated by a multidisciplinary team and are included in an ongoing clinical follow-up program (28). Neuroimaging, such as skull ultrasound, CT or MRI, was performed to investigate radiological factors compatible with congenital infectious diseases. In symptomatic children, according to the Ministry of Health of Brazil, the presence of CZS is defined by maternal ZIKV infection confirmed through qRT-PCR, with two or more clinical parameters, such as microcephaly or other neurological changes; visual or auditory anomalies; and functional disorders, such as irritability, dysphagia, and spasms (29). However, even if the mother has compatible symptoms and is qRT-PCR ZIKV+, it is not possible to state what exposure children who were born asymptomatic had (Figure 1).

From 2018 to 2019, blood donations from these donors with a history of ZIKV infection were collected at HUAP/UFF to be used in our study. Previous exposure to DENV or ZIKV were determined by the presence of detectable DENV-specific immunoglobulin G (IgG) titers (30) or ZIKV-specific IgG titers (31) (Table 1).

As a control group, we had 5 non-pregnant women infected with ZIKV in the same timeframe (2015–2017). These controls were invited to participate in this study because they had confirmed the diagnosis of ZIKV by qRT-PCR and had positive anti-ZIKV IgG serology. All participants were similar in age compared to the group of mothers (Table 1). DENV and chikungunya RNA were not detected in all tested patients, excluding coinfections.



Detection of Dengue IgG and Zika Antibodies With an in-House ELISA

Serum samples were tested using ELISA IgG specific for ZIKV and DENV. Detection of dengue-specific IgG antibodies (Panbio, Australian) and Zika-specific IgG antibodies (Euroimmun, Germany) was performed according to the manufacturer's protocol. These ELISAs were standardized to be used as recommended after studies by the Brazilian Ministry of Health. However, there are concerns about the genuine potential for serological cross-reactivity as a confounding factor in ELISA screening.



The Plaque Reduction Neutralization Test (PRNT)

The PRNT was performed for the laboratory confirmation of Zika cases. The ZIKV/H.sapiens/Brasil/ES2916/2015 strain identified in the State of Espírito Santo, Brazil was used. The cutoff value for PRNT positivity was defined as 90% (PRNT90). Samples with neutralizing antibodies for ZIKV were also submitted to PRNT90 for dengue virus serotype 1 (DENV-1 from West Pacific). Reference viruses were provided by Laboratório de Flavivírus (LABFLA) of Fiocruz from their arbovirus stocks. The PRNT90 was performed to determine the maximum plasma dilution (1:10–1:320) needed to reduce arbovirus plaque formation by 90% among Vero ATCC CCL-81 cells, following standard protocols (32, 33). All plasma was heat-inactivated (56°C, 30 min) before neutralization testing. Next, a final volume of each inactivated sample and virus mixture was transferred to a well-containing Vero cells and then initially screened at a dilution of 1:10 in 6-well-plates at 37°C for 60 min. Those that neutralized ZIKV by at least 90% were further tested at serial 2-fold dilutions to determine 90% endpoint titers. Plasma samples were considered to have DENV-neutralizing antibodies when a plasma dilution of at least ≥10 reduced no <90% of the formation of DENV viral plaques.



PBMC Isolation

Briefly, peripheral blood mononuclear cells (PBMCs) and plasma were isolated by Ficoll-Paque PLUS density gradient centrifugation (GE Healthcare, United States) and frozen in fetal bovine serum (FBS, Gibco, Invitrogen Co, United States) containing 10% (vol/vol) dimethyl sulfoxide (DMSO) (Sigma-Aldrich, United States). Cells were thawed on the day of the experiment and were used directly for in vitro assay.



ZIKV CD4 and CD8 MegaPools Description

ZIKV CD4 and CD8 megapool peptides (MP) have been designed and validated, as previously reported (34, 35). Briefly, a consensus sequence was generated by MAFFT alignment after querying the availability of NCBI polyprotein ZIKV sequences and BLAST to a corresponding ZIKV isolate being able to represent most of the viral sequence analyzed (ID: 64320) (36). Two different strategies have been then applied based on the ZIKV polyprotein sequence to predict CD4 and CD8 epitopes using the TepiTool (37) available in the immune epitope database analysis resource (IEDB-AR) (38). Specifically, to design the ZIKV CD4 MP, the “7-allele-method” (39) was applied with a cutoff of ≤ 20, while, for the ZIKV CD8 MP, the epitopes were predicted using the panel of 27 most frequent A and B alleles with custom selection to consider both 9-mers and 10-mers for the prediction (40) and consensus percentile rank cutoff ≤ 1.5. The resulting predicted epitopes have been separately clustered for CD4 and CD8 using an IEDB cluster 2.0 tool, applying the cluster-break method with a 70% cutoff for sequence identity (41). The corresponding peptides derived by the bioinformatic analyses were synthesized as a crude material (A&A, San Diego, CA), resuspended in DMSO, and pooled according to CD4 or CD8 MP composition followed by sequential lyophilization.

Thus, the MP approach was designed by taking into account the 27 most frequent HLA class I allelic variants worldwide, thus making it possible to capture reactivity independently from geographical location, as previously shown in the context of both ZIKV- and DENV-specific CD8+ T cell responses (25, 40, 42, 43). While we cannot rule out the possibility that the specific population considered might express an allelic variant that is infrequent in the worldwide population, the MPs are still designed to provide a worldwide population coverage of 90% or more.



IFN-γ ELISpot Assay

Frozen collected PBMCs were assayed for IFN-γ cell responses, as previously described (44). Briefly, mouse anti-human IFN-γ antibody (clone 1-DK1; Mabtech) was added to 96-well-plates (Multiscreen HTS; Millipore) coated at 2.5 μg/ml, diluted in phosphate buffer saline (PBS), pH 7.2–7.4 (Sigma-Aldrich). PBMCs were then added in triplicate to wells (2 ×105 cells/well) in the presence or not of ZIKV MPs at 1 μg/ml, followed by incubation at 37°C, 5% CO2 for 18–20 h. After washing with PBS–Tween 20, 1 μg/ml of IgG biotinylated anti-human IFN-γ (clone 7-B6-1; Mabtech) was added and incubated for 2 h at room temperature. After washing, streptavidin–alkaline phosphatase substrate (Mabtech) was prepared and added to the plate, for 1 h at room temperature. Plates were washed, and alkaline phosphatase substrate of 5-bromo-4-chloro-3-indolyl-phosphate/nitro blue tetrazolium chloride (BCIP-NBT) from KPL (Gaithersburg) was added after allowing spots to develop. The reaction was stopped by washing with tap water. Spots were counted using an automated ELISpot reader (ImmunoSpot1S6UV Ultra, Cleveland). The number of IFN-γ-producing cells was expressed as spot-forming cells (SFC) relative to 106 PBMCs. Values were calculated by subtracting the number of spots detected in unstimulated control wells. Values were considered positive if they were equal or >20 spots and at least two times above the mean of unstimulated control wells. The stimulation with phytohemagglutinin (PHA, 5 μg/mL) was done for all individuals analyzed as a positive control of in vitro stimulation.

We have previously established an approach in which, prior to initiating the ELISpot assay, we recovered stimulated PBMCs for 20 h and stained with Abs listed in Supplementary Table 1 for extracellular staining used for flow cytometry experiments.



Intracellular Cytokine Staining

Peripheral blood mononuclear cells (2 ×105 cells/well) were cultured for 6 h with 1 μg/ml ZIKV MPs and brefeldin A (44). Subsequently, the stimulated PBMC were stained with the Abs used for flow cytometry experiments listed in Supplementary Table 1. The intracellular cytokine staining (ICS) was performed, permeabilized with saponin (0.05%), and stained with anti-IFNγ antibody. The stimulation with phorbol and ionomycin myristate acetate (PMA plus ionomycin) was performed on all individuals analyzed as a positive control of in vitro stimulation. The data were collected using BD FACSAria III flow cytometer and analyzed using FlowJo 10.5.2 software (Tree Star1, USA).



Statistical Analysis

Comparisons between different groups were performed using either the non-parametric Mann–Whitney rank sum test or the parametric unpaired t-test (two-tailed analyses). When data followed a normal distribution, the paired Wilcoxon's test was used. Outcome variables were compared among the groups of study using the Kruskal–Wallis test followed by the Dunn's multiple comparisons test. Multiple comparison tests were used to compute post-hoc comparisons for all pairs of groups. The statistical significance of differences in frequency of “Responders” was performed using the Fisher's exact test. The planned statistical comparisons rely on the accurate classification of outcome and detection of arbovirus infections and CZS in infants. Data in all figure parts in which error bars are shown were presented as the median with interquartile range (25–75%). An analysis was performed with GraphPad PRISM (version 5) (GraphPad Software). The value of p < 0.05 was considered statistically significant.




RESULTS


Detection of ZIKV and DENV-Specific IgG Antibodies by Commercial ELISA and of Neutralizing Antibodies to ZIKV and DENV

Zika virus (ZIKV)- and DENV-specific IgG antibody detection was initially determined using the commercial capture ELISA assay. Out of the 21 symptomatic mothers tested, who were qRT-PCR ZIKV+, 14 (66.7%) had both anti-ZIKV IgG and anti-DENV IgG. Similar percentages were observed between mothers who had asymptomatic children (8 out of 12; 66.7%) and those who had children with CZS (6 out of 9; 66.7%). Five out of 21 (23.8%) had anti-ZIKV IgG but not anti-DENV IgG, and similar percentages were also observed between those who had asymptomatic children (3 out of 12; 25%) and those who had children with CZS (2 out of 9; 22.2%). Only one mother who had a child with CZS (1 out of 21; 4.8%) had anti-DENV IgG but not anti-ZIKV IgG. Another mother who had a child with CZS (1 out of 21; 4.8%) had neither anti-DENV IgG nor anti-ZIKV IgG.

Regarding the 18 children with a history of intrauterine exposure to ZIKV, it was not possible to perform the assay on one child with CZS because the sample volume was insufficient. Most of the children, i.e., 10 out of 17 (58.8%), had neither anti-DENV IgG nor anti-ZIKV IgG, among whom seven were asymptomatic (7 out 9; 77.8%) and three had CZS (3 out of 8; 37.5%). Five out of 17 (29.4%) had anti-DENV IgG but not anti-ZIKV IgG, among whom one was asymptomatic (1 out 9; 11.1%) and four had CZS (4 out of 8; 50%). Two out of 17 (11.8%) had both anti-ZIKV IgG and anti-DENV IgG: one was asymptomatic (1 out of 9) and another had CZS (1 out 8). None of them had anti-ZIKV IgG but not anti-ZIKV IgG.

To confirm previous ZIKV and DENV exposure, plasma samples were tested using PRNT90 for the detection of ZIKV and DENV-1-neutralizing antibodies. We could not perform PRNT for all four DENV serotypes since the plasma volume was insufficient for this. Thus, we chose to evaluate DENV-1 since this had the highest prevalence in Rio de Janeiro in the period in which the samples were collected (2015–2016) (45). Out of 19 mothers who had anti-ZIKV IgG, 18 (94.7%) presented with ZIKV-neutralizing antibodies with PRNT90 titer > 320, thus confirming the exposure to ZIKV. Interestingly, out of 14 mothers who had both anti-ZIKV IgG and anti-DENV IgG that were detectable, 10 had a PRNT90 titer for ZIKV and DENV, thus indicating exposure to both viruses, while 3 presented a PRNT90 titer for ZIKV and 1 did not have any detectable PRNT90 titer. Regarding the children, it was not possible to perform PRNT on three of them because the sample volume was insufficient. Thus, two out of 15 children had both anti-ZIKV IgG and anti-DENV IgG that were detectable, and 1 asymptomatic child presented both ZIKV and DENV-neutralizing antibodies.

The frequency of T cell subpopulations was assessed by flow cytometry assay. Data on the percentage of CD4 and CD8 T cells and the ratio between the two subpopulations showed no statistically significant difference between the two donor cohorts (Table 1).



Detection of IFN-γ-Producing Cells in Response to ZIKV Peptides in Women and Mothers With a History of ZIKV Infection, but Not in Children With a History of Intrauterine Exposure to ZIKV

Next, we focused on the analysis of T cell responses in donors with a history of ZIKV infection. Ex vivo T cell responses to CD4 and CD8 ZIKV MPs (CD4 ZIKV MP and CD8 ZIKV MP) employing the ELISpot assay were measured to quantify the number of IFN-γ secreting cells. The general characteristics of these donors' cohorts are summarized in Table 1.

To ensure the comparable quality of samples, we first compared responses induced by the positive control stimulus PHA. As expected, T cells from women (non-pregnant women infected with ZIKV, see Figure 1 in Materials and Methods) and mothers (pregnant mothers infected with ZIKV, see Figure 1 in Materials and Methods) with a history of ZIKV infection responded to PHA with values above 250 SFC per 106 PBMC, as well as most of the children with a history of intrauterine exposure to ZIKV (from children born to mothers infected with ZIKV during pregnancy, see Figure 1 in Materials and Methods). One of the samples collected from children responded to PHA with just over 70 SFC per 106 PBMC, which resulted in 15 times greater stimulation with PHA compared to the medium; therefore, we decided to maintain this child from the analysis (Figure 2A).
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FIGURE 2. Ex vivo reactivity to CD4 and CD8 ZIKV MPs in donors with a history of ZIKV infection. T cell response to by ELISpot ex vivo experiments are shown for women (from non-pregnant women infected with ZIKV, white, n = 5), mothers (from pregnant mothers infected with ZIKV, blue, n = 10), and children (from children born to mothers infected with ZIKV during pregnancy, orange, n = 11) with a history of ZIKV infection. In (A), T cell response to PHA stimulation and, in (B), the magnitude of CD4 and CD8 T cell reactivity to ZIKV MPs are expressed as medians and interquartile range (25th and 75th percentiles). Donors were considered “Responders” if the net SFC/106 PBMC after ZIKV MP was ≤ 20 after 20 h of in vitro stimulation. (C) CD4 and CD8 T cell reactivity to a ZIKV MP are shown among mothers who had asymptomatic children (light blue) compared with those who had CZS children (dark blue). (D) CD4 and CD8 T cell reactivity to ZIKV MPs are shown among children grouped in asymptomatic children (light orange) compared with CZS children (dark orange). Responses were expressed as the number of IFN-g-secreting cells per 106 PBMC. Statistical differences were tested using the one-way analysis of variance (ANOVA) and the Kruskal-Wallis test followed by the Dunn's multiple comparisons test. Bars represent median with interquartile range. Statistical significance for differences in the frequency of “Responders” was performed using Fisher's exact test. * p < 0.05, **p < 0.001, ***p < 0.001. ZIKV, Zika virus; MP, megapool peptide; CZS, congenital Zika syndrome; PBMC, peripheral blood mononuclear cell.


In the ELISpot assay, we were able to successfully detect T cell responses using CD4 ZIKV MP and CD8 ZIKV MP. The T cells of all non-pregnant women responded to ZIKV CD4 MP and four out of the five responded to CD8 MP. The frequency of responders was slightly lower in mothers, so the CD4 T cells of 8 out of 10 mothers responded to ZIKV CD4 MP and 6 out of 10 responded to ZIKV CD8 MP. These data demonstrated an important reactivity of donors exposed to ZIKV, both in frequency and magnitude of CD4 and CD8 T cell responses to ZIKV peptides. However, children's T cell responses to ZIKV MP were uncommon as no child responded to CD4 ZIKV MP and only 2 out of 11 responded to CD8 ZIKV MP (Figure 2B).

The T cells of all mothers who had asymptomatic children responded to CD4 ZIKV MP and 4 out of the 5 responded to CD8 ZIKV MP. Among those who had children with CZS, the T cells of 3 out of 5 responded to CD4 ZIKV MP and 2 out of 5 to CD8 ZIKV MP. No significant difference was found between the two groups of mothers regarding the magnitude or frequency of responses to the ZIKV MP (Figure 2C).

Regarding children, regardless of the clinical outcome, T cells did not respond to CD4 ZIKV MP, and only 1 out of 5 asymptomatic and 1 out of 6 with CZS responded to the CD8 ZIKV MP (Figure 2D).



Higher CD4 T Cell Degranulation Ability Compared to CD8 T Cell Degranulation in Donors With a History of ZIKV Infection

Cytotoxic activity is one of the key components of the virus-specific protective immunity (25). In this study, we measured the degranulation capacity of T cells by staining of the expression of the CD107a molecule (Figure 3A). Our results were very surprising since we detected an increase in the magnitude of the CD107a-expressing CD4 T cells after stimulation with CD4 ZIKV MP. This response was more intense in mothers and children and less in women. Thus, regarding the response of CD4 T cells to CD4 ZIKV MP, 10 out of 12 mothers, 5 out of 9 children and 2 out of 5 women were responsive to CD4 ZIKV MP with an increase in the frequency and magnitude of CD107a-expressing CD4 T cells. In contrast, no donor responded to CD8 ZIKV MP by inducing the CD107a-expressing CD8 T cell responses (Figure 3B).
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FIGURE 3. Degranulation activity of T cells from donors with a history of ZIKV infection after ZIKV MP in vitro stimulation. (A) Gating strategies to the flow cytometry profiles of the degranulation activity of CD4 and CD8 T cells measured by CD107a mobilization after stimulation with ZIKV MPs are shown in a representative of one of the women (from non-pregnant women infected with ZIKV, white, n= 5), mothers (from pregnant mothers infected with ZIKV, blue, n= 12), and children (from children born to mothers infected with ZIKV during pregnancy, orange, n= 9) with a history of ZIKV infection. (B) Cumulative data (medians and interquartile range) of the proportion of CD107a+ cells among CD4 and CD8 T cells after ZIKV MP stimulation. Regarding the criteria of positivity of the assay or “Responder,” the background in the unstimulated controls was subtracted to ZIKV peptide conditions, and the responder was considered as those who had two times more CD107a-positive cells after subtraction of the background. (C) CD4 and CD8 T cell reactivity to ZIKV MPs are shown among mothers who had asymptomatic children (light blue) compared with those who had CZS children (dark blue). (D) CD4 and CD8 T cell reactivity to ZIKV MPs are shown among asymptomatic children (light orange) compared with CZS children (dark orange). The magnitude of responses is expressed in medians and interquartile range, and statistical analyses were performed with Mann-Whitney U-test. No statistical difference was found. ZIKV, Zika virus; MP, megapool peptide; CZS, congenital Zika syndrome.


Further analysis revealed that the response of CD4 T cells to CD4 ZIKV MP was similar among mothers who had asymptomatic or SCZ children (Figure 3C). Among children, this response was also independent of whether they had neurological impairment associated with ZIKV (Figure 3D).



Higher IFN-γ Producing ZIKV CD4 T Cell Responses Persist in Donors With a History of ZIKV Infection by ICS Assay

By using a ZIKV MP stimulation and ICS assays (Figure 4A), we were able to determine the responding T cell subsets as well as the memory subset. Donors cells with a history of ZIKV infection were stimulated with polyclonal PMA plus ionomycin, confirming the viability of all samples (Figure 4B).
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FIGURE 4. Ex vivo reactivity with IFN-γ production of donors with a history with ZIKV infection to CD4 and CD8 ZIKV MPs. CD4 and CD8 ZIKV-restricted responses in women (from non-pregnant women infected with ZIKV, white, n = 5), mothers (from pregnant mothers infected with ZIKV, blue, n = 13), and children (from children born to mothers infected with ZIKV during pregnancy, orange, n = 13) with a history of ZIKV infection after 6-h of in vitro stimulation. (A) Gating strategy to the flow cytometry plots identifies IFN-g-producing ZIKV-specific T cells. (B) Each data point represents the response of a single donor tested with the PMA + io and (C-E) two different sets of two protein pools, ZIKV CD4 MP and ZIKV CD8 MP. (C) Magnitude of CD4 and CD8 responses and frequency of responders (right) were performed from women, mothers, and children donors to the ZIKV CD4 or CD8 MPs. (D,E) Each group is further divided into asymptomatic or CZS. (D) Magnitude of CD4 and CD8 responses (left) and frequency of responders (right) were performed from mothers who had asymptomatic children (light blue, n = 6) and those who had children with CZS (dark blue, n= 7) to the ZIKV CD4 or CD8 peptides. (E) Magnitude of CD4 and CD8 responses (left) and frequency of responders (right) were performed from asymptomatic children (light orange, n= 6) and CZS children (dark orange, n = 7) to the ZIKV CD4 or CD8 MPs. (F) Frequency of responders were performed from all (dashed white, n = 31), mothers (blue, n = 13), and children (orange, n = 13) donors to the ZIKV CD4 or CD8 MPs. (G) The frequencies of ZIKV-specific IFN-γ-positive CD4 and CD8 cells were compared between the mother-child pairs (tested pairs n = 7). The p-values were calculated using the paired t-test. The magnitude of responses is expressed medians and interquartile range, and statistical analyses were performed with the Mann-Whitney U-test. Statistical significance for differences in frequency of responders was performed using a Fisher test. Asterisks indicate significant differences (*p < 0.05, ***p < 0.001). ZIKV, Zika virus; MP, megapool peptide; CZS, congenital Zika syndrome; INF, interferon.


In a further series of experiments, CD4 T cells from all donors responded to the CD4 ZIKV MP in terms of frequency and magnitude of responses.

CD4 T cells responded to the CD4 ZIKV MP with IFN-γ production in most donors exposed to ZIKV; 3 out of 5 women, 10 out of 13 mothers, and 8 out of 13 children. Regarding the responses of CD8 T cells after stimulation with CD8 ZIKV MP, we observed a lower frequency of responders in all groups: only one out of 5 women, 3 out of 13 mothers, and only 1 out of 13 children (Figure 4C). Thus, all donors showed appreciable reactivity, both in terms of increased frequency and magnitude of IFN-γ-producing CD4 responses but a lower response for CD8 responses.

We went to see if there is a difference between the groups of mothers and children. The CD4 T cells of all mothers who had asymptomatic children responded to CD4 ZIKV MP with IFN-γ production, while 4 out of 7 mothers who had CZS children responded, but this difference was not statistical. Regarding CD8 T cell responses, CD8 ZIKV MP responses were remarkably close (Figure 4D). Among children, T cell responses to ZIKV MP were quite similar, therefore, regardless of whether they had any neurological impairment associated with ZIKV (Figure 4E).

Regarding the IFN-γ producing CD4 and CD8 T cells, we observed that there is a greater degree of reactivity of CD4 T cells after CD4 ZIKV MP compared to CD8 T cells after CD8 ZIKV MP in all studied groups (Figure 4F and Supplementary Figure 1). We performed an analysis of the mother and child pairs to assess whether the responses agreed (pairs tested n = 7). Only two of the seven mother and child pairs responded to CD4 ZIKV MP. For the response of CD8 T cells to CD8 ZIKV MP, in 4 pairs, mothers and children did not respond to CD8 ZIKV MP and, in three cases, mothers responded, but children did not (Figure 4G).

When the ELISpot and ICS data for all mothers, relating to CD4 ZIKV MP or CD8 ZIKV MP, were combined, we found a significant positive correlation between ELISpot and ICS (p = 0.002 for CD4 ZIKV MP and p = 0.008 for CD8 ZIKV MP; the Wilcoxon signed-rank test). Thus, in a broad and collective sense, ICS does not fundamentally conflict with ELISpot in the group of mothers. A similar analysis was performed for children, but no significant correlation between ELISpot and ICS was found for either CD4 ZIKV MP or CD8 ZIKV MP (the Wilcoxon signed-rank test). In the ELISpot 20-h cultures, we evaluated susceptibility to death of PBMCs. In particular, the children's PBMCs had a viability ≥100%. We speculate that the kinetics of cytokine production may have more influence on children's PBMCs than on those of their mothers. Other kinetics should therefore be evaluated in future studies.

Additionally, we have measured IL-8 levels by ELISA in PBMC supernatants from ZIKV donors recovered from the 20-h cultures for the ELISPOT assay. No statistical difference was found between the groups when comparing the different conditions (data not shown).



The Memory CD4 T Cells Re-Expressing CD45RA (Temra) in Donors With a History of ZIKV Infection Is Enriched for ZIKA-Specific T Cells

We initially analyzed the expression of CD45RA and CCR7 on the total CD4 and CD8 population (Figure 5A). In women, the majority of the unspecific CD4 T cells displayed a frequency of naïve (Tn, CD45RA+CCR7+; 50%) phenotype followed by the central memory (Tcm, CD45RA-CCR7+; 37%) phenotype, effector memory (Tem, CD45RA–CCR7–; 15%) phenotype, and finally by effector memory re-expressing CD45RA (Temra, CD45RA+CCR7–; 0.9%) phenotype. In mothers, it was observed that a similar frequency of the unspecific CD4 T cells displayed a Tcm (47%) phenotype and a Tn (41%) phenotype, and then an Tem (11%) phenotype, followed by a Temra (0.5%). As expected, in children, the most CD4 T cells exhibited a Tn (72%) phenotype, followed by a Tcm (23%) phenotype, an Tem (4%) phenotype, and an Temra (0.4%) phenotype (Figure 5B).
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FIGURE 5. Subpopulations of specific memory from ZIKV donors with a history of ZIKV infection. (A) Gating strategy to identify the CD4 T cell and CD8 T cell subsets, and of the T cell memory subpopulations. Lymphocytes were identified and electronically gated on orthogonal light scatter signals and CD3 immunopositivity. Then, CD3+CD4+T cells and CD3+CD8+T cells were identified. Gating on CD3+CD4+T cells or CD3+CD8+T cells, Tn and Tcm cells were identified as CD45RA negative/positive and CCR7 negative/positive. In unstimulated cells, the percentage of unspecific CD4 and CD8 T cell subsets [Tn: CD45RA+CCR7+; Tcm: CD45RA−CCR7+; effector memory (Tem): CD45RA−CCR7− and effector memory re-expressing CD45RA T cells (Temra): CD45RA+CCR7−] was gated in a representative subject with a history of ZIKV. The percentage values are represented in the graphs. To determine the memory T cell responses to ZIKV MP, the percentage of CD4 and CD8 T cell subsets were demonstrated. The color values represent the frequency of the responding IFN-γ-secreting Tn out of the total of Tn cells, responding IFN-g-secreting Tcm out of the total of Tcm cells, responding IFN-γ-secreting Tem out of the total of Tem cells, and responding IFN-γ-secreting Temra out of the total of Temra cells. The color percentage values are represented in the graphs. (B) Percentage of unspecific CD4 and CD8 T cell subsets (Tn, Tcm, Tem, and Temra) gated in unstimulated cells from women (from non-pregnant women infected with ZIKV), mothers (from pregnant mothers infected with ZIKV), and children (from children born to mothers infected with ZIKV during pregnancy) with a history of ZIKV. (C) The phenotypic analysis of the responding IFN-γ-secreting T cells for ZIKV epitopes out of a total of Tn or Tcm cell subsets in women, mothers, and children. Data are expressed as median ± the interquartile range for each cohort (n= 5-13 in both panels). Differences between T cell subsets among cohorts were analyzed using the Friedman test. Each data point represents a single donor determination. ZIKV, Zika virus; MP, megapool peptide; CZS, congenital Zika syndrome; INF, interferon; Tn, naïve T cell; Tcm, central memory T cell; Tem, effector memory T cell; Temra, effector memory re-expressing CD45RA T cell.


For the unspecific CD8 T cells, women, mothers, and children had a comparable frequency of all subsets of T cells, exhibiting predominantly a Tn cell (64% in women, 58% in mothers, and 63% in children), followed by a Tem phenotype (23% in women and 16% in both mothers and children donors), a Temra (9, 15, and 11%, respectively), and lastly a Tcm cell (6, 10, and 7%, respectively) (Figure 5B). Thus, the majority of unspecific CD4 and CD8 T cells are in the Tn population.

To further determine the memory T cell responses to ZIKV MP, we compared it to responding IFN-γ-secreting Tn out of the total of Tn cells, responding IFN-γ-secreting Tcm out of the total of Tcm cells, responding IFN-γ-secreting Tem out of the total of Tem cells, and finally responding IFN-γ-secreting Temra out of the total of Temra cells (Figure 5A).

Further analysis demonstrated that phenotypic analysis of the total of Temra subsets is enriched for responding IFN-γ-secreting CD4 T cells for ZIKV epitopes in women, mothers, and children (Figure 5C). In terms of the IFN-γ+-responding CD8 T cells for ZIKV epitopes, no difference was seen in the frequency of Tn or Tcm phenotype in donors with a history of ZIKV infection (Figure 5C).




DISCUSSION

In the present study, we aimed to evaluate the T cell response in donors with a history of ZIKV infection during pregnancy. Regarding the few current studies that raise the same questions, our group has progressed when compared to non-pregnant women, pregnant mothers, and both asymptomatic and CZS children born to mothers infected with ZIKV during pregnancy.

It is essential to understand the repertoires of the ZIKV effector T cell response to the point of extrapolating if the development of a non-protective immunity in mothers is related to the affected children. In addition, in pregnancy and congenital infection scenarios, it is not known if there is a development of long-lasting T cell immunity to ZIKV. To address these issues, the ZIKV T cell immunity in a cohort of mothers infected with ZIKV during pregnancy and children affected (or not) by neurological complications was assessed 2–3 years after the initial infection.

If previous DENV cross-reactive immunity contributes or not to protection against ZIKV infection during pregnancy, it is still unclear. During the Brazilian ZIKV epidemic (2016–2017), 94 pregnant women who gave birth to infants with or without microcephaly were evaluated. Based on previous studies, DENV immunity is not a prerequisite for ZIKV entry into the fetal compartment (46). Halai et al. supported Araújo's findings (47). In contrast, ZIKV-infected human placental tissues showed increased replication in the presence of DENV antibodies, dependent on FcγR engagement (48). In mouse models, the presence of DENV-specific antibodies in ZIKV-infected pregnant mice significantly increased fetal resorption in immune-compromised mice (48) and also displayed CZS, including microcephaly, in immune-competent mice (49, 50).

Thus, conflicting datasets regarding the impact of ADE (antibody-dependent enhancement) on congenital malformations in babies have emerged from different studies, including mouse and non-human primates' models and human donors. Based on Zimmerman's review, additional prospective epidemiologic studies, ex vivo studies, and animal model experimentation are needed to fully dissect the complex risk factors and pathways through which ZIKV can seed and infect the fetal compartment (51).

Even so, this can be framed if the mothers' ZIKV T cell effector immune response repertoires are “weak” to the point of not giving protective immunity to the affected children. So far, data addressing this issue is only available in the murine model (52). The authors evaluated adapted mouse models established for ZIKV infection during pregnancy. Interestingly, they observed a reduction in a load of ZIKV in maternal and fetal tissues and an increase in fetal viability and growth in immune mice to DENV compared to non-immune mice. The depletion or genetic deficiency of CD8 T cells nullified this effect, even under ADE conditions (52). A single study on pregnancy and immunity to ZIKV in human patients was recently developed by Reynolds et al. The authors showed that almost all mothers with a history of ZIKV infection have serological evidence of immunity to dengue, suggesting that their children who had microcephaly were born to mothers' immune to DENV. In addition, they showed that different viral products can induce a multifunctional response to E and NS1 antigens and also immunoregulatory responses to NS5 and C ZIKV proteins, which could impact immunopathogenesis (53). From our dataset, it is not yet clear if children who had microcephaly were born of mothers with “an altered” T cell responses. It would be necessary to have acute samples of pregnant mothers to answer this question with greater propriety.

Outside the context of donors infected during pregnancy or by congenital infection, several studies have been evaluating the T cell responses to ZIKV proteins in human donors immune or not to DENV. It is known that ZIKV-reactive T cells in the acute phase of infection are detected earlier and in greater magnitude in DENV-immune patients. Conversely, the pattern of CD4 responses to ZIKV-restricted class II peptides was remarkably similar in acute and convalescent phases, while a lower frequency and magnitude of responses were observed with the CD8 counterpart (44). In another study, Grifoni's data indicated an immunological signature for CD8 T cell responses reproducible and temporally stable after Ag-specific stimulation even 1–2 years after ZIKV infection (25). Moreover, circulating tetramer-positive ZIKV-specific CD8 T cells peaked at early convalescence day post-infection with elevated levels persisting for months from a volunteer woman (54). On the other hand, whereas C-, prM-, E-, and NS5-specific cytokine-expressing CD4 T cells were readily detected in all patients tested, absent or low detection of functional CD8 effector T cells against peptides spanning ZIKV C, prM, E, and NS5 was identified (55). We agree with Lai's study using peptides that span all 10 ZIKV proteins. Our data indicate that after in vitro stimulation with the ZIKV MP, CD4 T cells maintain their degranulation and IFN-γ production capacity, which was not observed by CD8 T cells. One possibility is that the cytotoxic and pro-inflammatory activities of CD8 T cells are high at an early stage of ZIKV infection but do not persist in the disease resolution phase when the virus has apparently been eliminated. Our experimental design was based on well-established protocols, with stimulation with ZIKV or DENV MP of cells cultured for 6 h to perform a flow cytometry assay or for 20 h for the ELISpot assay (25, 34, 42, 44, 56). Additionally, studies have already been carried out on in vitro expansion of peptide-specific T cells for 14 days (34, 56, 57). Thus, our future proposal is to perform in vitro expansion of peptide-specific T cells in the kinetics of up to 14 days, in order to confirm our observations on the role of CD8 T cells.

The protective role of CD8 T cells has been demonstrated in several studies using mouse models. Huang's study demonstrated that an adoptive transfer of ZIKV-immune CD8 T cells can protect against ZIKV infection (58). Indeed, polyfunctional, cytotoxic CD8 T cells are activated (59), reducing ZIKV burden, and, in the same sense, CD8 depletion or genetic absence resulted in greater ZIKV infection and mortality in mice (60). Moreover, ZIKV-specific and ZIKV/DENV cross-reactive CD8 T cells in DENV-immune mice expanded post-ZIKV challenge and reduced infectious ZIKV levels, and CD8 T cell depletion confirmed this protection (61). Nevertheless, within a susceptible mouse model, CD8 T cells appear as an important mediator of ZIKV neuropathogenesis (62, 63). It is currently impossible to determine what the impact of the short duration of ZIKV-specific CD8 T cells will be for donors with a history of ZIKV infection. Unfortunately, only with the emergence of new ZIKV epidemics, this issue can be assessed.

In relation to ZIKV-specific CD4 T cell responses in Zika patients, Koblischke et al. showed a strong impact of structural ZIKV protein on immunodominant CD4 T cell responses (64). Interestingly, most of the CD4 Temra cells are DENV-specific in donors with previous DENV infection (43). Patil et al. revealed in patients with dengue that these CD4 T cells in the Temra subsets are highly enriched with CD4 cytotoxic T lymphocytes expressing several genes linked to cytotoxic and costimulatory function, compared with CD4 T cells in the Tcm and Tem subsets (65). Tian et al. revealed that the CD4 Temra cells can be subdivided into two major subsets between DENV-immune individuals based on the expression of the adhesion G protein-coupled receptor GPR56. While GPR56+ Temra cells display a transcriptional and proteomic program with cytotoxic features, GPR56+ Temra cells have higher levels of clonal expansion and contain the majority of virus-specific Temra cells (66). Overall, like DENV infection, our data indicate that the Temra CD4 T cell subset is enriched for responding IFN-γ-secreting CD4 T cells for ZIKV epitopes in donors with a history of ZIKV infection. Future efforts will be underway in our laboratory to assess whether the heterogeneity of CD4 Temra T cells could provide insights to differentiate the outcome of the child's congenital infection in T cell responses against ZIKV.

Some limitations should be considered when interpreting our findings. First, to understand the evolution of the acquired ZIKV immunity, the best would be a “longitudinal study” in which donors were monitored in the acute and convalescent phases and after complete recovery from the disease. Second, the diagnosis of ZIKV through qRT-PCR was not made in newborns, so we cannot affirm that they were vertically infected, especially in asymptomatic cases. Recently, Ribeiro et al. published data from analyses on the positivity of PRNT and serological tests among a total of 88 children in northeastern Brazil who presented clinical cases of CZS between 2016 and 2018. Six (6.8%) were positive for IgG anti-ZIKV, and 2 (2.3%) of them were ZIKV PRNT90-positive (67). Although our initial goal was not to make correlations like those made by Ribeiro et al., our data are very close. In our study, only 2 out of 17 children (11.8%) had anti-ZIKV IgG (but also anti-DENV IgG), and 2 out of 15 (13.3%) were ZIKV and DENV PRNT90-positive. This frequency of positivity was much lower than we expected, as were the data of Ribeiro et al. Like in their study, our data cannot be attributed to problems in the execution of PRNT90, since the protocol established by Baer and Kehn-Hall (36) was strictly followed. The ZIKV/H.sapiens/Brasil/ES2916/2015 strain was identified in the State of Espírito Santo at the time of the CZS epidemic in Brazil (68). In a case report, it was shown that a child was positive for ZIKV IgG at birth and at the age of 12 months but was negative at 21 and 24 months of age. The child's mother was ZIKV RT-PCR, IgM, IgG, and PRNT-positive during the pregnancy. Three hypotheses were raised by the authors of that study: (a) low and transient ZIKV viremia could lead to the lack of detection of the antigen and absence of a strong immune response in the child; (b) specific and direct tropism of ZIKV to the central nervous system could cause ZIKV to become a silent virus that would escape the host's response; and (c) ZIKV could prevent the triggering of a strong innate immune response because active viral replication might have ceased during intrauterine life or shortly thereafter (69). Moreover, methodologically, the use of the recombinant NS1 antigen as a target in the commercial kit may explain the low anti-ZIKV IgG seropositivity in newborns (70).

Third, it was not possible to carry out many analyzes of paired mothers and children, mainly due to the clinical complications of the children during the study, which made it difficult to define a close association between the immunity of mothers and the clinical outcome of their children. Fourth, a caveat to this study is that the T cell responses detected after ZIKV MP restimulations may actually cover specific ZIKV responses and responses from cross-reactions due to previous flavivirus infections, particularly DENV.

Given the similarity between DENV and ZIKV and their common regions of endemicity, questions have arisen about whether immunity to one virus can provide cross-protection against another. Grifoni et al. published data that demonstrated that the degree of MP sequence homology for different flaviviruses directly influenced cross-reactivity in terms of CD4 and CD8 T cell responses. It is important to note that the CD8 MP of ZIKV used in our study was provided by Dr. Sette's team and, therefore, is the same as used by Grifoni et al. According to them, 33% of the DENV and ZIKV CD8 MP have homology ≥70% of sequence similarity with the consensus sequence, which in fact means that one-third of the peptides present in the MPs that we tested can cross-react with DENV (34). Here, our data showed that more than 70% of mothers who had both anti-ZIKV IgG and anti-DENV IgG had a PRNT90 test positive for ZIKV and DENV. Among the children, 50% of those who had both anti-ZIKV IgG and anti-DENV IgG presented ZIKV and DENV-neutralizing antibodies. Several human studies have investigated cross-reactivity in T cell responses, targeting a variety of viral proteins (71). Grifoni et al. found that prior DENV exposure did not have any impact on the CD4 T cell response to ZIKV infection: patients in the acute phase of ZIKV infection had more IFN-γ+ CD8 T cells after restimulation with ZIKV-derived peptides (44). However, prior DENV immunity did not have any impact on either the transcriptional profile of the CD8 T cells or the capacity of CD4 or CD8 T cells to produce IFN-γ at later stages of infection (25). Therefore, we have no way of knowing with certainty whether the T cell response that we are evaluating is directed only to primary ZIKV infection and not to DENV. We believe that the most important thing is that, despite the high degree of cross-reactivity between T cell responses to DENV and ZIKV, no indication has yet been provided that this may have a negative impact on disease outcomes.

Our data did not show any notable differences between children with CZS and asymptomatic children or between mothers who gave birth to children with CZS and those who gave birth to asymptomatic children, 2–3 years after primary infection. Recently, Macedo-da-Silva et al. used the same cohort of children as in our study, also in the recovery phase. They demonstrated that asymptomatic children presented changes in proteins that participated in processes relating to neuronal death and cerebrovascular abnormalities, low regulation of proteins relating to vision, and increased activity of metalloproteinases, namely MMP-2 and MMP-9, associated with neuronal death. Interestingly, these changes are not common among control children, but they are also characteristic of children with CZS (72). Together with Macedo-da-Silva et al. we think that, perhaps, marked differences between the groups occurred in the acute phase of Zika but were not so evident in the recovery phase.

In summary, we studied donors with a history of ZIKV infection that occurred in the 2016–2017 outbreak in Brazil, including non-pregnant women, mothers infected with ZIKV during pregnancy, and children with a history of intrauterine exposure. In general, donors demonstrated long-term immunity from CD4 T cells to ZIKV CD4 MP, but the same was not observed in CD8 T cells with ZIKV CD8 MP. It is possible that the cytotoxic and pro-inflammatory activities of CD8 T cells are markedly exhibited in the early stages of the disease but less detected in the resolution phase. The responses of mothers' T cells and children's T cells to ZIKV MPs do not appear to be related to the clinical outcome. These data still need to be investigated, including the evaluation of CD8 T cell response to other ZIKV peptides.
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Zika virus (ZIKV) is an arthropod-borne virus (arbovirus) and is primarily transmitted by Aedes species mosquitoes; however, ZIKV can also be sexually transmitted. During the initial epidemic and in places where ZIKV is now considered endemic, it is difficult to disentangle the risks and contributions of sexual versus vector-borne transmission to adverse pregnancy outcomes. To examine the potential impact of sexual transmission of ZIKV on pregnancy outcome, we challenged three rhesus macaques (Macaca mulatta) three times intravaginally with 1 x 107 PFU of a low passage, African lineage ZIKV isolate (ZIKV-DAK) in the first trimester (~30 days gestational age). Samples were collected from all animals initially on days 3 through 10 post challenge, followed by twice, and then once weekly sample collection; ultrasound examinations were performed every 3-4 days then weekly as pregnancies progressed. All three dams had ZIKV RNA detectable in plasma on day 3 post-ZIKV challenge. At approximately 45 days gestation (17-18 days post-challenge), two of the three dams were found with nonviable embryos by ultrasound. Viral RNA was detected in recovered tissues and at the maternal-fetal interface (MFI) in both cases. The remaining viable pregnancy proceeded to near term (~155 days gestational age) and ZIKV RNA was detected at the MFI but not in fetal tissues. These results suggest that sexual transmission of ZIKV may represent an underappreciated risk of pregnancy loss during early gestation.
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Introduction

Zika virus (ZIKV) emerged from relative obscurity five years ago to sweep through tropical and subtropical regions of the Western hemisphere. More than a million cases between 2015 and 2018 were reported in Pan American Health Organization (PAHO) regions alone (1). While ZIKV primarily causes mild febrile illness or asymptomatic infections in a majority of individuals, infection during pregnancy can result in a range of adverse outcomes including fetal loss and a constellation of birth defects now known as congenital Zika syndrome (CZS) (2–4). Human infection with ZIKV can occur following mosquito-borne, vertical, and sexual transmission (5–7). While mosquito-borne transmission from infected Aedes species mosquitoes is thought to be the most common route of infection in endemic areas, the contribution of sexual transmission in epidemics remains poorly understood, in part because during an outbreak, both transmission routes occur simultaneously and can be challenging to disentangle (8).

Sexual transmission of ZIKV was first documented in 2008 when a scientist working in Senegal became infected and, upon his return to the United States, infected his wife (9). Throughout the ZIKV outbreak in 2015 and 2016, additional sexually-transmitted infections were documented (10–14). The majority of sexually-transmitted cases in non-endemic areas are likely the result of infection of the primary cases during travel, followed by inadvertent transmission to the secondary cases upon returning home (7). As previously mentioned, sexually-transmitted ZIKV infections in endemic areas or areas experiencing active outbreaks are difficult to differentiate from mosquito-transmitted infections because there may be an individual risk of exposure by either route. Epidemiological data suggest that sexual transmission occurs primarily male-to-female through vaginal contact, even weeks after clinical symptom resolution, which suggests that sexual transmission of ZIKV does pose at least a theoretical risk to pregnant women (15). Furthermore, the ZIKV viral RNA (vRNA) load in human semen has been reported to range from the hundreds to tens of millions of copies per milliliter, with values as high as 3.98x108 copies/ml reported (16–18). The testes in particular, were found to be a ZIKV reservoir in animal models (19, 20). In addition, studies have recently shown that intimate partners of household index cases are more likely to also be positive or show serologic evidence of ZIKV infection relative to other members of the same household (21).

Overall, we have limited information regarding the risk of ZIKV sexual transmission to pregnant women and their developing fetuses (14). Studies have shown that other sexually transmitted ascending vaginal infections are associated with an increased risk of pre-term labor and other poor outcomes (22). Whether an ascending intravaginal ZIKV infection poses a higher risk to pregnancy than mosquito-borne infection is currently unknown. Pregnant women or women trying to become pregnant may be less likely to utilize condoms, a recommended strategy for the prevention of sexual transmission of ZIKV (23, 24). Furthermore, a woman might not be aware of a pregnancy during early gestation and unfortunately, existing data suggest that the highest risk for developmental anomalies associated with ZIKV infection is during the first trimester, a critical developmental time period (25–27). Additionally, ZIKV infection during pregnancy has also been associated with an increased risk for spontaneous abortion in both humans and nonhuman primates (28, 29).

Animal models have played a critical role in improving our understanding of the natural history and pathogenesis of ZIKV. To-date, both murine and nonhuman primate (NHP) models have been utilized to examine aspects of sexual transmission of ZIKV (19, 20, 30, 31). Studies in these models have shown persistent shedding of vRNA from the reproductive tract, infection of the female reproductive tract via a vaginal exposure route, and fetal effects as a result of vaginal exposure or sexual transmission in mice (20, 30–39). Although studies in pregnant olive baboons have shown that intravaginal challenge with infected baboon semen during mid-gestation can result in productive maternal infection and vRNA detection in some maternal tissues and placentas, to date, studies in NHP have not shown clear evidence of vertical transmission associated with maternal ZIKV infection by the intravaginal route (33).

Because infection during the first trimester is associated with the highest risk for adverse pregnancy outcomes and, since women may be unaware of a pregnancy and may potentially be less likely to utilize barrier methods to prevent sexually-transmitted ZIKV infections during the early first trimester (23, 24), we designed a proof-of-concept study in which we challenged three gravid rhesus macaques (Macaca mulatta) intravaginally with ZIKV. Our goal was to investigate the potential impact of intravaginal ZIKV challenge during the first trimester on fetal and pregnancy outcomes and to develop a model for sexual transmission during early pregnancy.



Methods


Ethics Statement

All animal procedures conformed to the requirements of the Animal Welfare Act and protocols were approved prior to implementation by the Institutional Animal Care and Use Committee (IACUC) at the University of California, Davis. Activities related to animal care, housing, and diet were performed according to California National Primate Research Center (CNPRC) standard operating procedures (SOPs). SOPs for colony related procedures are reviewed and approved by the UC Davis IACUC.



Study Design

Female rhesus macaques (Macaca mulatta, N=3) were time-mated and identified as pregnant by ultrasound according to established methods (40). Prior to study assignment normal embryonic growth and development were confirmed by ultrasound. Females were challenged in the first trimester at approximately 30 days gestational age (trimesters divided by 55-day increments; term 165 ± 10 days) with 1x107 PFU ZIKV-DAK three times intravaginally at approximately two-hour intervals (Table 1 and Figure 1). Pregnancies were monitored by ultrasound every 3-4 days post-challenge and then weekly from day 50 onward throughout the study period. Standardized parameters were assessed including fetal growth (greatest length then biparietal and occipitofrontal diameters, head and abdominal circumferences, humerus and femur lengths) and structural development, amniotic fluid volumes and placental parameters, and compared to normal growth and developmental trajectories for the species (40). Dams were weighed at each sedation and blood samples were collected daily from day 3 through day 10 post-challenge, followed by bi-weekly until maternal plasma vRNA loads were undetectable, and then weekly until hysterotomy. Plasma and peripheral blood mononuclear cells (PBMCs) were isolated at all time points, and serum was collected on days 0, 14, and 24 post-challenge (dams 049-102 and 049-103), and on days 0, 14, 27, and 122 post-challenge for dam 049-101. Urine was collected by ultrasound-guided cystocentesis (~1 ml) on days 7, 10, 14, 21, and 24 post-challenge (dams 049-102 and 049-103) and on days 7, 10, 14, 27, and 122 post-challenge for dam 049-101. Hysterotomies were performed for dam 049-102 and 049-103 at the end of the first trimester (post-detection of nonviable embryos by ultrasound) and near term (~155 days gestational age) for dam 049-101.


Table 1 | Dam information on day 0 of study.






Figure 1 | Study design. Three female rhesus macaques were time-mated, confirmed pregnant by ultrasound, and challenged intravaginally at 30 days (+/-2) gestational age with 1x107 PFU ZIKV-DAK three times at two-hour intervals. Blood collection* denotes plasma and PBMC isolation at every sampling time point while serum collection was planned only on days 0, 14, 27, and 122 post-ZIKV challenge. Ultrasound# denotes ultrasound imaging was performed every 3-4 days during early gestation, then weekly thereafter. Hysterotomies were originally planned for each animal at approximately 122 days post-ZIKV challenge.





Virus Challenge Preparation and Infection

ZIKV strain Zika virus/A.africanus-tc/Senegal/1984/DAK AR 41524 (ZIKV-DAK; GenBank: KX601166) was originally isolated from Aedes luteocephalus mosquitoes in Senegal in 1984. One round of amplification on Aedes pseudocutellaris cells, followed by amplification on C6/36 cells and two rounds of amplification on Vero cells, were used to prepare a master stock obtained from BEI Resources (Manassas, VA). Challenge stocks were prepared from this master stock by inoculation onto a confluent monolayer of C6/36 mosquito cells as described previously (41). Prior to administration, the ZIKV-DAK stock was diluted to 1x107 PFU in 1 ml sterile saline and delivered via a 1 ml tuberculin syringe (37). Animals were inoculated three times intravaginally under ketamine sedation at approximately two-hour intervals using a previously described method (37).



Blood Processing and Plasma vRNA Loads

Plasma and PBMCs were isolated from blood placed in EDTA vacutainers and processed at 1500 RPM for 15 minutes according to standard protocols. Serum was isolated from whole blood collected into glass vacutainers without additives. Viral RNA was extracted from 300 µl plasma as previously described with a Maxwell 16 MDx instrument (Promega, Madison, WI) and evaluated using qRT-PCR (42). RNA concentration was determined by interpolation onto an internal standard curve of seven ten-fold serial dilutions of a synthetic ZIKV RNA segment based on Zika virus/Human/French Polynesia/10087PF/2013 (ZIKV-FP). The limit of quantification of the ZIKV qRT-PCR assay is estimated to be 100 copies vRNA/ml plasma or serum.



Hysterotomy and Tissue Collection

Dams 049-102 and 049-103 were scheduled for hysterotomies in the late first trimester (nonviable embryos detected 3 days prior to hysterotomy). The hysterotomy for dam 049-101 was performed at approximately 155 days gestational age according to the original study design (Figure 1) and following established protocols (43). The gestational sac was removed for fetal tissue assessments, with a modified collection protocol for nonviable specimens (see below). For the fetus from dam 049-101 amniotic fluid, fetal blood, and fetal cerebrospinal fluid were collected, then fetal body weights and measures (biparietal and occipitofrontal diameters, abdominal and arm circumferences, hand and foot lengths, humerus and femur lengths, crown-rump length) were assessed. The left cerebral hemisphere and left eye were collected under aseptic conditions and shipped with cold packs to Wisconsin by overnight delivery for additional assessments (see below). Specimens collected for qRT-PCR for vRNA analysis included dura mater; right cerebral hemisphere (frontal, parietal, temporal, occipital lobes); cerebellum (right and left) and midbrain; right optic nerve; right eye (cornea, retina, sclera); spinal cord (cervical, thoracic, lumbar); right and left parotid glands, submandibular, and salivary glands; omentum; thymus; spleen; liver (right, left, quadrate, caudate lobes); pancreas; right and left adrenal glands and kidneys; right and left axillary and inguinal lymph nodes; diaphragm; tracheobronchial and mesenteric lymph nodes; right and left thyroids; trachea; esophagus; pericardium; aorta; right and left atria and ventricles; lung lobes (right and left; all lobes); reproductive tract including right and left gonads; urinary bladder; gastrointestinal tract (stomach, duodenum, jejunum, ileum, colon; meconium), skin, skeletal muscle, and bone marrow (Table 2). The placenta was weighed and assessed including disk measurements (primary and secondary for bidiscoid placentas; primary disk only for monodiscoid), umbilical cord and membrane insertion sites, blood vessel distribution, cut surfaces, and examined for the presence of infarcts. Decidua, membranes, umbilical cord, and multiple sections of the placental disks were collected. All specimens were quick frozen in triplicate over liquid nitrogen for qRT-PCR analysis or collected into RNAlater (cat# R0901, Sigma-Aldrich, St. Louis, MO). Multiple blocks of tissues were collected in histology cassettes fixed in 10% buffered formalin, embedded, sectioned (5-6 µm) and stained with hematoxylin and eosin (H&E) or used for in situ hybridization (ISH).


Table 2 | Fetal and maternal-fetal interface tissues collected at hysterotomy.



For dams 049-102 and 049-103 a modified collection was performed, consistent with the early developmental stage of the conceptus (Table 2). Decidua, membranes, umbilical cord, and multiple sections of the placental disks were collected as noted above.

Fresh samples collected from the 049-101 fetus (left cerebral hemisphere and left eye) were shipped with cold packs for additional assessments as noted above; the eye was analyzed by the Comparative Ocular Pathology Laboratory of Wisconsin (COPLOW). Placental tissues from all dams and tissues for the fetus from dam 049-101 were assessed as described previously in Koenig et al. (44).



Tissue, Urine, and Amniotic Fluid vRNA Loads

Maternal-fetal interface (MFI) and fetal tissue vRNA loads were determined from approximately 20 mg of each specimen. ZIKV RNA was isolated from tissues using the Qiagen AllPrep DNA/RNA Mini Kit (cat# 80284, Qiagen, Germantown MD) using the QIAcube following the manufacturer’s protocol. Viral RNA was isolated from 140 µl maternal urine or amniotic fluid using the QIAmp Viral RNA minikit (cat# 52904, Qiagen, Germantown MD) following the manufacturer’s protocol. Following isolation, cDNA synthesis was performed using the Qiagen Sensiscript RT kit (cat# 205213, Qiagen, Germantown MD) according to the manufacturer’s protocol. Quantification of vRNA load was performed by real-time PCR using the Taqman amplification system and the QuantStudio 12 K Flex Real-Time PCR System (ThermoFisher Scientific, Grand Island, NY) as described previously (43). The estimated limit of quantification of the assay is 50-100 ZIKV RNA copies/mg tissue (average = 75 copies/mg).



In Situ Hybridization (ISH)

ISH probes against the ZIKV genome were commercially purchased (cat# 468361, Advanced Cell Diagnostics, Newark, CA). ISH was performed using the RNAscope® Red 2.5 kit (cat# 322350, Advanced Cell Diagnostics, Newark, CA) according to the manufacturer’s protocol. After deparaffinization with xylene, a series of ethanol washes, and peroxidase blocking, sections were heated with the antigen retrieval buffer and then digested by proteinase. Sections were then exposed to the ISH target probe and incubated at 40°C in a hybridization oven for two-hours. After rinsing, ISH signal was amplified using the provided pre-amplifier followed by the amplifier-containing labelled probe binding sites, and developed with a Fast Red chromogenic substrate for 10 minutes at room temperature. Sections were then stained with hematoxylin, air-dried, and mounted.



Plaque Reduction Neutralization Tests (PRNT)

Titers of ZIKV neutralizing antibodies were determined using plaque reduction neutralization tests (PRNT) on Vero cells (ATCC #CCL-81) with a cutoff value of 90% (PRNT90) (45). Neutralization curves were generated in GraphPad Prism (San Diego, CA) and the resulting data were analyzed by nonlinear regression to estimate the dilution of serum required to inhibit 90% Vero cell culture infection (45, 46).




Results


Repeated Intravaginal ZIKV Challenge Results in Infection In Pregnant Macaques

All three dams had detectable ZIKV RNA in plasma by 3 days post intravaginal ZIKV challenge (Figure 2). ZIKV RNA loads peaked on day 5 for dams 049-101 and 049-102, and on day 6 for dam 049-103. Peak vRNA loads ranged from 1.57x104 copies/ml for 049-101 to 1.30x105 copies/ml for 049-103 (Figure 2). The latest detectable plasma vRNA load for animal 049-101 was on day 24 post-challenge (1.56x102 copies/ml). Dam 049-103 had a detectable plasma vRNA load until day 14 (2.46x103 copies/ml) but was negative on day 17 (the next time point samples were collected). Dam 049-102 was consistently positive for ZIKV vRNA until day 14, was negative on day 17, and then positive again on days 21 and 24 post challenge. Dam 049-102 was positive for ZIKV RNA in blood plasma collected at hysterotomy, the last time point sampled for the study. Overall, maternal plasma vRNA loads for dams 049-101, 049-102, and 049-103 were somewhat delayed compared to animals subcutaneously inoculated with French Polynesian or Puerto Rican ZIKV isolates in our previous studies, but were consistent in magnitude with previous observations (42, 48, 49). In addition, maternal plasma vRNA loads peaked within a time period similar to subcutaneously inoculated animals infected with the same ZIKV isolate (ZIKV-DAK) (47) (Figure 2).




Figure 2 | Intravaginal ZIKV challenge resulted in detection of vRNA in plasma for all three dams. The x-axis shows days post-ZIKV challenge. The y-axis starts at the estimated limit of quantification of the qRT-PCR assay (1x102 copies/ml) and is shown as copies/ml plasma on the log scale. Plasma vRNA loads are displayed for dam 049-101 as orange triangles, for dam 049-102 as blue circles, and for dam 049-103 as magenta squares. For comparison, ZIKV plasma vRNA loads are also shown for three pregnant macaques subcutaneously (SC) inoculated with 1x104 PFU ZIKV-DAK and are displayed as gray dashed lines and noted as 104 PFU SC in the legend (47).





Embryonic Demise Following Intravaginal ZIKV Infection During Early Pregnancy

Ultrasound examinations indicated that the embryos of dams 049-102 and 049-103 were nonviable at approximately 17-18 days post-challenge. Hysterotomies were subsequently scheduled and performed and each dam’s final blood and urine samples were collected (Figure 3A). Embryo and placental tissues from dams 049-102 and 049-103 were collected for vRNA analysis, histopathological assessment, and ISH. Dam 049-101’s pregnancy progressed normally and sampling continued until the study endpoint and near-term hysterotomy at approximately 155 days gestational age (Figure 3A). All fetal and placental measurements for 049-101 were recorded and were considered within normal limits for gestational age (Table 3) (40).




Figure 3 | Pregnancy outcomes and maternal-fetal interface (MFI) and fetal tissue vRNA loads. (A) Pregnancy outcomes for three dams intravaginally inoculated 3x with ZIKV at approximately 30 days gestation. Two dams (049-102 and 049-103) were determined by ultrasound to have nonviable embryos at approximately 17-18 days post-ZIKV challenge. Hysterotomies and embryo and MFI tissue collections were performed 3 days after detection. Dam 049-101’s pregnancy continued until scheduled hysterotomy and extensive tissue collection at approximately 155 days gestational age. (B) Average ZIKV vRNA loads for positive embryo and MFI tissues collected at hysterotomy from dams 049-102 (blue) and 049-103 (magenta) following embryonic death at approximately 17-18 days post-ZIKV challenge. The dashed line represents the average of the estimated limit of detection (50-100 copies/mg, average: 75 copies/mg tissue) for the qRT-PCR assay. (C) Average ZIKV vRNA loads for positive MFI tissues collected at hysterotomy from dam 049-101 (orange) at approximately 122 days post-ZIKV infection. Fetal tissues were negative for ZIKV RNA by qRT-PCR. The dashed line represents the average of the estimated limit of detection (50-100 copies/mg, average: 75 copies/mg tissue) for the qRT-PCR assay.




Table 3 | 049-101 fetal and placental measurements (~155 days gestation, 122 days post challenge).





MFI, Tissues, and Amniotic Fluid Are ZIKV RNA Positive in Nonviable Embryos

ZIKV RNA was detected in the amniotic fluid from the conceptus of both dams 049-102 and 049-103 at 3.87x103 and 7.38x103 copies/ml respectively at the time of hysterotomy (subsequent to embryonic death). In addition, ZIKV RNA was detected in the brain and liver of both non-viable embryos, as well as in MFI tissues including the primary and secondary placental disks and membranes (amnion and chorion) (Figure 3B). The highest tissue vRNA burden was detected in the brain of the embryo from dam 049-102 (1.74x105 copies/mg). ZIKV RNA was not detected in amniotic fluid collected from the fetus of dam 049-101 at hysterotomy. Although a large number of fetal and MFI tissues were assessed following hysterotomy, the presence of ZIKV RNA was only detected in a subset of sections of MFI tissues from 049-101 (Table 2 and Figure 3C). The decidua from all three dams were negative for ZIKV RNA by qRT-PCR. Similarly, ZIKV RNA was not detected in the urine for any of the dams at any of the time points sampled. Overall, these results highlight the focal nature of ZIKV RNA detection in fetal and MFI tissues following infection during pregnancy. For a number of tissues, multiple samples were collected for vRNA analysis but ZIKV was only detected in a subset of those samples (Table 2).



Changes in Placental Tissues Following Intravaginal ZIKV Infection Are Non-Specific

Histopathological assessments of the placentas of dams 049-102 and 049-103 following embryonic demise showed generalized, non-specific mild necrosis (Table 4 and Supplemental Figures 1–3). In particular, the secondary placental disk from dam 049-102 showed intervillous hemorrhage and parenchymal ischemia (Supplemental Figures 2A, B). In addition, the decidua from dam 049-102 showed some evidence of minimal focal necrosis (Supplemental Figure 2C). Placentas from both dam 049-102 and dam 049-103 had minimal to mild multifocal villous mineralization. The secondary placental disk of dam 049-103 showed acute neutrophilic inflammation, mild focal ischemia, and hemorrhage (Supplemental Figure 3B). Similar to the placentas from the other two dams, the placenta of dam 049-101 showed mild, multifocal villous mineralization, findings which have previously been observed in control placentas. Focal hemorrhage of the primary placental disk basal plate was also noted for dam 049-101 (Supplemental Figure 1A). In addition, decidual tissue from dam 049-101 showed mild, multifocal muscularization of the decidual arteries (Supplemental Figure 1B). Overall, changes in the placental tissues were mild and not associated with any specific pathological processes. Assessment of fetal tissues from dam 049-101 showed normal brain and eye morphology with no identified lesions.


Table 4 | Histopathological assessment of placental tissues from all animals and fetal tissues from 049-101.





ZIKV Genomic RNA Is Detected in MFI Tissues From Demise Cases but Not From the Near-Term Pregnancy

Tissue sections from decidua, primary placental disks, and secondary placental disks (bidiscoid placentas) were assessed by ZIKV ISH using RNAscope (see Methods). ZIKV genomic RNA was detected in both the primary and secondary placental disks from dams 049-102 and 049-103 (Figure 4). No ZIKV RNA was detected by RNAscope in the primary placental disk from dam 049-101, nor any of the decidua sections from any of the pregnancies. The lack of ZIKV RNA in the decidua sections by ISH was consistent with the tissue vRNA assessment by qRT-PCR.




Figure 4 | ZIKV genomic RNA was detected by in situ hybridization (ISH) in placental tissues collected from dams 049-102 and 049-103, but not from dam 049-101. For all images, red coloration is indicative of positive staining for ZIKV genomic RNA. Overall, positive staining is focal but visible in multiple areas. Insets show high magnification of the areas denoted by the black arrows in each larger panel. Representative images are shown of (A) primary placental disk from 049-103, (B) secondary placental disk from 049-103, (C) primary placental disk from 049-102, and (D) secondary placental disk from 049-102. Scale bar = 1000 micrometers.





Animals Infected Intravaginally With ZIKV During Pregnancy Develop Neutralizing Antibodies

Serum neutralizing antibody titers (nAbs) against ZIKV were evaluated for dams 049-102 and 049-103 on days 0, 14, and 24 post-challenge by 90% plaque reduction neutralization tests (PRNT90). Serum samples from 0, 14, 27, and 122 days post-challenge collected from dam 049-101 were similarly assessed. Samples collected on day 0 (pre-challenge) from all animals were negative for ZIKV nAbs. Neutralizing Ab titers above 1:10 are indicative of immunity against ZIKV. Serum collected on day 14 post-challenge from all animals neutralized ZIKV-DAK at levels considered protective by PRNT90 (between 1:100 and 1:1000 for each animal). Serum collected on day 24 post-challenge from dams 049-102 and 049-103, and on day 27 post-challenge from dam 049-101 showed an increased neutralization response relative to baseline (day 0) and day 14 for each individual animal (Figure 5). By day 122 post-challenge, the ZIKV nAb response for animal 049-101 was lower than on days 14 or 27, but still demonstrated a strong protective response (PRNT90 titer approximately 1:300) (Figure 5). These results suggest that all animals developed a nAb response against ZIKV following intravaginal ZIKV challenge consistent with findings previously noted for rhesus dams infected subcutaneously (42, 48, 49).




Figure 5 | All three dams developed neutralizing antibodies (nAbs) against ZIKV as detected by PRNT90 following intravaginal ZIKV infection. The x-axis is the log10 reciprocal serum dilution and the y-axis is the percent plaque reduction for ZIKV-DAK. Day 0 for all animals is shown as symbols with 049-101 represented by orange triangles, 049-102 represented by blue circles, and 049-103 represented by magenta squares. Dashed gray horizontal lines indicate the PRNT90 and PRNT50 cut-offs, respectively. Neutralization curves were generated using non-linear regression to estimate the dilution of serum required to inhibit 90% of Vero cell culture infection. Neutralization curves are shown for days 14 (dashed lines) and 24 (dotted lines) for dams 049-102 (blue) and 049-103 (magenta), and for days 14, 27, and 122 (dashed and dotted line) for dam 049-101 (orange).






Discussion

Here we describe a proof-of-concept study that indicates intravaginal challenge with ZIKV during early pregnancy results in productive maternal infection and suggests that infection by this route can result in embryonic demise. ZIKV RNA was detected at the MFI and in embryonic tissues, as well as in the amniotic fluid from the pregnancies of dams 049-102 and 049-103, supporting a role for ZIKV in the adverse pregnancy outcomes for these animals. Although ZIKV was detected by qRT-PCR in the MFI tissues from dam 049-101, no vRNA was detected in fetal tissues directly. Interestingly, although vRNA was detectable in the placenta of dam 049-101 by qRT-PCR, it was not detected by ISH. Given the focal nature of ZIKV RNA detected in the placental tissue samples collected from dam 049-101, it is likely that the samples evaluated by ISH were simply from areas without vRNA present (Table 2). In order to assess transmission in these studies we intentionally avoided any intrauterine sampling to ensure no confounding variables. Because vRNA was not detected in any fetal tissues, our results may suggest that vertical transmission did not occur between dam 049-101 and the developing fetus. Alternatively, the results may suggest immunologic elimination of virus at later gestational ages as previously suggested by a study using direct fetal ZIKV inoculation (43). Our decision to challenge the animals in this study early in pregnancy (~30 days gestation) was based on findings in humans suggesting that during the first trimester, ZIKV infection is associated with a higher risk of adverse fetal and pregnancy outcomes (27, 43, 50–53). In addition, we hypothesized that early pregnancy, possibly before a woman knows she is pregnant, may be a period of especially high risk for sexual transmission of ZIKV because precautions against this transmission route, such as condoms, may not be utilized (23, 24). Overall, our results suggest that sexual transmission of ZIKV during early pregnancy may represent a significant risk for adverse outcomes.

Our results indicating early demise as a result of ZIKV infection are consistent with those described previously in a cross-center, cross-NHP species study (29). Interestingly, our finding that 2 of 3 (~66%) pregnancies resulted in nonviable embryos following intravaginal ZIKV infection during early pregnancy represents a higher rate of loss than the ~26% previously reported for NHP (29). We acknowledge this loss rate is based on small animal numbers and could change as more animals are studied. Despite this higher rate compared to other NHP models reported to date, both early gestation and near term reflect periods of higher rates of spontaneous loss for macaques (54). While the loss rate reported in our study may be higher than the background rate of early loss in humans during the first trimester, data are very limited regarding the rate at which ZIKV-associated loss occurs in humans during the first trimester. A rate of approximately 11% was recently reported in a study during a period of epidemic transmission in Manaus, Brazil (55–58), although as noted, in many cases women may not be aware of an early pregnancy, thus the rate of loss could actually be higher. Additional studies with larger animal numbers will be necessary to determine the impact of the challenge dose, virus isolate, gestational age, and route of infection on pregnancy loss and how this relates to rates of spontaneous loss in early gestation.

Some limitations of this study include the use of a relatively high dose of ZIKV to inoculate the dams, the inclusion of multiple challenges over a short timeframe, and the small number of animals included in the study. The dose of inoculum chosen for this study is representative of the high end of the ZIKV vRNA range reportedly detected in human semen, which can be up to 100,000 times higher than that in blood (16–18). In part, this dose was chosen due to the small number of animals included, our interest in the impact of intravaginal ZIKV exposure early in pregnancy, and the need to maximize chances of successful infection during early gestation. Previous studies in nonpregnant NHP have shown that intravaginal ZIKV inoculation results in successful infection after a single challenge approximately 33-75 percent of the time (31, 37, 59). In pregnant olive baboons, a single intravaginal inoculation mid-gestation with semen containing ZIKV (originating from French Polynesia or Puerto Rico) resulted in 4 of 6 animals developing detectable vRNA in blood, with an additional animal having detectable vRNA in blood after a second inoculation (33). This was the rationale for the choice to perform repeat challenges at two-hour intervals in this study: in order to maximize the likelihood of establishing a productive infection in our small cohort within a single day. We acknowledge that it is difficult to determine whether the inoculation route played a significant role in our observed outcomes or whether the cumulative inoculum dose, virus isolate, timing of infection, or some combination of these factors played a role in the observed outcomes. Future studies modeling sexual transmission should aim to determine which of these factors significantly impact pregnancy outcome.

We chose to utilize a low passage African ZIKV isolate (ZIKV-DAK) rather than a more contemporary isolate such as the commonly utilized PRVABC59 because, although it is also low passage, recent studies have suggested that this virus may have an attenuated phenotype and is not as pathogenic as ZIKV-DAK in mice (41, 60). In addition, ZIKV was first isolated from a febrile rhesus macaque in the Zika Forest near Entebbe, Uganda in 1947 (61, 62). Since that time, serologic and molecular (RNA or virus isolation) evidence of continued circulation in Africa has been intermittently reported in humans, animals, and mosquitoes (63–67). Prior to a report from Guinea-Bissau from 2016, during which an outbreak and subsequent identification of infant microcephaly cases was attributed to an African lineage virus, there were no reports of ZIKV impacting pregnancies and infant development in Africa (63, 68). This has led to a number of hypotheses as to why, which includes, but is not limited to the following: widespread immunity in populations of childbearing age due to infection earlier in life; masking of ZIKV-associated adverse outcomes due to a high number of other, co-circulating pathogens in many populations, such as malaria; or embryonic loss during very early pregnancy simply unrecognized due to unknown status or inconsistent access to prenatal care (63, 64, 69). The data generated in this work supports the latter hypothesis of early loss. In reality, depending on the region, many of these factors could be playing an additive role in low and/or underreporting of ZIKV-associated pregnancy outcomes in Africa. Whether the early pregnancy losses observed in our study were due to increased pathogenicity of the African ZIKV isolate utilized relative to other isolates, the intravaginal route of infection, or both will require additional studies.

Many key questions remain with regard to understanding how different ZIKV geographic isolates may differentially impact pregnancy and fetal developmental outcomes. This study suggests that NHP models may be able to differentiate pregnancy outcomes between different isolates. Route of maternal infection may also play a role in pregnancy outcomes, at least in the case of NHP, as intravenous and intra-amniotic ZIKV infections in combination during pregnancy have been associated with a trend toward lower fetal survival rates across multiple studies compared to subcutaneous infections (29). However, both routes of ZIKV infection have been previously shown to result in early pregnancy loss in macaques, in particular when maternal infection occurred in the first trimester (29). Zika virus infection of common marmoset dams via an intramuscular route during the first or second trimesters has also been shown to result in spontaneous pregnancy loss (70). In the case of the marmosets, the timing of pregnancy loss (16-18 days post-infection) was very similar to that reported here for intravaginal inoculation (70). Overall, our study suggests that intravaginal infection during early pregnancy may also lower survival rates in macaques. Ultimately, our study was designed to balance all of the potential influential factors previously mentioned within the constraints of a proof-of-concept study and the requirement for challenge and infection to occur during early pregnancy in order to evaluate this question.

Our results suggest that low passage, African lineage virus (ZIKV-DAK) has the potential to result in embryonic demise in rhesus macaques when infection occurs intravaginally and in early pregnancy. To our knowledge, this is the first NHP study to show clear evidence of vertical transmission of ZIKV following intravaginal infection, which has only previously been observed in mice (20, 30, 36). NHP, due to susceptibility without immune modulation, as well as having significant similarities to human pregnancy, may provide better approximations for human infections than other animal models (71). Furthermore, this is the first NHP study to show that African lineage ZIKV infection during pregnancy has the potential to result in severe fetal outcomes. Taken together, our results suggest that additional attention should be given to ongoing perinatal surveillance in African communities and to promoting awareness regarding the risks of sexual transmission of ZIKV in endemic areas.
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Congenital Zika virus (ZIKV) infection can induce fetal brain abnormalities. Here, we investigated whether maternal ZIKV infection affects placental physiology and metabolic transport potential and impacts the fetal outcome, regardless of viral presence in the fetus at term. Low (103 PFU-ZIKVPE243; low ZIKV) and high (5x107 PFU-ZIKVPE243; high ZIKV) virus titers were injected into immunocompetent (ICompetent C57BL/6) and immunocompromised (ICompromised A129) mice at gestational day (GD) 12.5 for tissue collection at GD18.5 (term). High ZIKV elicited fetal death rates of 66% and 100%, whereas low ZIKV induced fetal death rates of 0% and 60% in C57BL/6 and A129 dams, respectively. All surviving fetuses exhibited intrauterine growth restriction (IUGR) and decreased placental efficiency. High-ZIKV infection in C57BL/6 and A129 mice resulted in virus detection in maternal spleens and placenta, but only A129 fetuses presented virus RNA in the brain. Nevertheless, pregnancies in both strains produced fetuses with decreased head sizes (p<0.05). Low-ZIKV-A129 dams had higher IL-6 and CXCL1 levels (p<0.05), and their placentas showed increased CCL-2 and CXCL-1 contents (p<0.05). In contrast, low-ZIKV-C57BL/6 dams had an elevated CCL2 serum level and increased type I and II IFN expression in the placenta. Notably, less abundant microvilli and mitochondrial degeneration were evidenced in the placental labyrinth zone (Lz) of ICompromised and high-ZIKV-ICompetent mice but not in low-ZIKV-C57BL/6 mice. In addition, decreased placental expression of the drug transporters P-glycoprotein (P-gp) and breast cancer resistance protein (Bcrp) and the lipid transporter Abca1 was detected in all ZIKV-infected groups, but Bcrp and Abca1 were only reduced in ICompromised and high-ZIKV ICompetent mice. Our data indicate that gestational ZIKV infection triggers specific proinflammatory responses and affects placental turnover and transporter expression in a manner dependent on virus concentration and maternal immune status. Placental damage may impair proper fetal-maternal exchange function and fetal growth/survival, likely contributing to congenital Zika syndrome.
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Introduction

Congenital Zika virus (ZIKV) infection can be associated with adverse pregnancy outcomes. Neonates born from ZIKV-positive pregnancies may develop severe neurological abnormalities, placental pathologies and intrauterine growth restriction (IUGR), among other complications (1). ZIKV vertical transmission has become a major public health issue worldwide, especially in Brazil, where more than 200,000 ZIKV-positive cases have been confirmed and over 2,000 congenital microcephaly births have been reported (2–6). These numbers represent a 20-fold rise in the incidence of congenital microcephaly in Brazil during the years of the ZIKV pandemic, with similar increases reported elsewhere in Latin America (2, 3, 7). Importantly, while the ZIKV pandemic is currently thought to be controlled, evidence points to a possible silent ZIKV spread across the Americas (8, 9), highlighting the need for improved knowledge of the possible routes of vertical ZIKV transmission and its association with disruptive inflammatory and developmental phenotypes and the need for new avenues of prevention and treatment.

Previous studies have investigated the possible pathways involved in vertical ZIKV transmission. Miranda and colleagues (10) showed that in humans, ZIKV infection changed the pattern of tight junction proteins, such as claudin-4, in syncytiotrophoblasts. Jurado et al. (2016) suggested that the migratory activities of Hofbauer cells (feto-placental macrophages) could help disseminate ZIKV to the fetal brain (11). Other recent studies have shown that placental villous fibroblasts, cytotrophoblasts, endothelial cells and Hofbauer cells are permissive to ZIKV, and placentae from ZIKV-infected women had chorionic villi with a high mean diameter (11–14). Furthermore, in 2019, Rathore et al. demonstrated that pregnant mice carrying high levels of antibodies against dengue virus (DENV) exhibited increased ZIKV vertical transmission associated with severe microcephaly-like syndrome, demonstrating another possible mechanism of antibody-dependent vertical ZIKV transmission (15). However, at present, further studies are required to identify the precise mechanism of maternal-fetal ZIKV transmission.

Many mouse models have been developed to identify how ZIKV overcomes placental defenses. Initially, limited information was obtained due to the apparent inability of the virus to infect wild-type (WT) mice (16). ZIKV NS5 targets the interferon signaling pathway in humans but not in mice (17). Thus, WT mice show no clear evidence of clinical disease (17, 18) and are of limited use in modeling the disease. However, mice lacking an interferon signaling response show evidence of disease and have been widely used to investigate ZIKV infection during pregnancy (8, 17, 19).

The interferon system, especially type III interferon, is a key mechanism of host defense and a viral target for immune evasion (20). Type III interferons have a role in protection against ZIKV infection in human syncytiotrophoblasts from term placenta (21). Luo et al. have shown that inhibition of Toll-like receptors 3 and 8 inhibits the cytokine output of ZIKV-infected trophoblasts (22). In addition, viral replication coincides with the induction of proinflammatory cytokines, such as interleukin [IL]-6. This cytokine has a crucial role in inflammation and affects the homeostatic processes related to tissue injury and activation of stress-related responses (23, 24). ZIKV infection can trigger an inflammatory response with IL-6 release (11, 25).

Maternal infection has profound effects on placental permeability to drugs and environmental toxins. Changes in the expression and function of specific ABC transporters in the placenta and yolk sac following infective and inflammatory stimuli have been demonstrated (26–30). ABC transporters are efflux transporters that control the biodistribution of several endogenous and exogenous substrates, including xenobiotics (antiretrovirals and synthetic glucocorticoids), steroid hormones (estrogens and androgens), nutrients (folate and cholesterol) and immunological factors (chemokines and cytokines) within the maternal-fetal interface (31). The best described ABC transporters in the placenta are P-glycoprotein (P-gp; also known as multidrug resistance protein 1, MDR1), breast cancer resistance protein (Bcrp) and the lipid Abca1 and Abcg1 transporters. P-gp and Bcrp transporters are responsible for preventing fetal accumulation of xenobiotics and environmental toxins that may be present in the maternal circulation, whereas Abca1 and Abcg1 control the placental exchange of cytotoxic oxysterol and lipid permeability throughout pregnancy; therefore, they play an important role in fetal protection and placental lipid homeostasis (26).

Despite the limited number of studies showing ZIKV infection in immunocompetent mice, intrauterine inoculation with a high virus titer was previously demonstrated to result in decreased fetal viability, with worse outcomes following infection in early gestation (32). In another report, intravenous infection on a very early embryonic day resulted in fetal demise even though the virus was not found in the fetal compartment in most of the treated animals (33). In the present study, we hypothesize that maternal exposure to ZIKV affects placental function, including placental ultrastructure and ABC transporter (P-gp, Bcrp, Abca1 and Abcg1) protein expression, even in the absence of vertical transmission and that these effects are dependent on viral infective titers and maternal immune status.



Materials and Methods


Virus Preparation and Storage

The Brazilian ZIKVPE243 (GenBank ref. number KX197192) strain was isolated from a febrile case during the ZIKV outbreak in the state of Pernambuco, Brazil and was kindly provided by Dr Ernesto T. Marques Jr. (Centro de Pesquisa Aggeu Magalhães, FIOCRUZ, PE). Viruses were propagated in C6/36 cells, and viral titers were determined by plaque assays in Vero cells, as previously described (34). Supernatants of noninfected C6/36 cells cultured under the same conditions were used as mock controls.



Animal Experimentation and Study Design

Two mouse strains were used in the study: immunocompetent (ICompetent) C57BL/6 and immunocompromised (ICompromised) (type 1 Ifnr-deficient) A129 strains. Since we were unable to consistently produce viable pregnancies by mating A129 males and females in our experimental settings, we mated A129 females (n=15) with C57BL/6 males (n=4) to produce ICompromised C57BL6/A129 pregnancies, whereas ICompetent C57BL/6 pregnancies were obtained by mating male (n=6) and female (n=35) C57BL/6 mice (8-10 weeks old). Animals were kept in a controlled temperature room (23°C) with a light/dark cycle of 12 hours and ad libitum access to water and food. After detection of the proestrous/estrous phase via vaginal cytology, copulation was confirmed by visualization of the vaginal plug and considered gestational day 0.5 (GD0.5). Maternal weight was monitored for confirmation of pregnancy; thus, females were weighed on GD0.5 and GD12.5, and females with a weight gain greater than 3 g were considered pregnant and entered randomly in the experimental groups. Experimental protocols were approved by the Animal Care Committee of the Health Sciences Center, Federal University of Rio de Janeiro (CEUA-036/16 and 104/16) and registered with the Brazilian National Council for Animal Experimentation Control.

On GD12.5, pregnant mice (ICompetent and ICompromised pregnancies) were injected with a single intravenous (i.v.) titer of ZIKV or mock control. ICompetent and ICompromised pregnant mice were randomly subdivided into three experimental groups: the mock (control) group, which received an injection of supernatant from noninfected C6/36 cells (ICompetent mock and ICompromised mock); the high-ZIKV-titer group, inoculated with 5x107 plaque-forming units (PFU) of ZIKVPE243 (ICompetent high and ICompromised high); and the ZIKV low-titer group, injected with 103 PFU of ZIKVPE243 (ICompetent low and ICompromised low).

On the morning of GD18.5, all animals were euthanized with a sodium phenobarbital overdose of 300 mg/kg. Maternal blood was collected via cardiac puncture, centrifuged (10 min, 4000 g) and stored at -20°C. The maternal brain and spleen and all placentae and all fetuses were dissected, collected and weighed, followed by fetal head isolation and measurement. The three placentae closest to the mean weight in a litter were selected for further analysis and cut in half using umbilical cord insertion as a reference (35–37). One-half of the placental disk was frozen in liquid nitrogen for qPCR, and the other half was fixed overnight in buffered paraformaldehyde (4%, Sigma-Aldrich, Brazil) for ultrastructural and protein expression/localization analysis. Matched fetal heads, maternal brains and spleens were frozen in liquid nitrogen for qPCR. Of important note, all fetuses obtained from ICompromised pregnancies were heterozygous.



ZIKV RNA Quantification via RT-qPCR

ZIKV load was evaluated in maternal blood, brains and spleens and in the placentae and fetal heads. Brains, spleens, placentae and fetal heads were macerated in RPMI medium (Gibco™ RPMI 1640 Medium) normalized by the ratio of 0.2 mg of tissue to every 1 µl of medium and plotted per gram of tissue. The macerated volume was centrifuged at 4500 g for 5 min to remove tissue residues, and then, 500 µl of the centrifuged volume was used for RNA extraction using 1 mL of TRIzol reagent (Life Technologies, Thermo Fischer, USA). Treatment with DNase I (Ambion, Thermo Fischer, USA) was performed to prevent contamination by genomic DNA. cDNA was synthesized using a cDNA High Capacity Kit (Applied Biosystems, Thermo Fischer, USA) according to the manufacturer’s instructions by subjecting the samples to the following cycle: 25°C for 10 min, 37°C for 120 min and 85°C for 5 min. qPCR was performed using a StepOnePlus Real-Time qPCR system, TaqMan Master Mix Reagents (Applied Biosystems, Thermo Fischer, USA) and primers and probes specific for the protein E sequence (38). Samples were then subjected to the following cycle: 50°C for 2 min, followed by 40 cycles of 95°C for 10 min, 95°C for 15 sec, and 60°C for 1 min.


RT-qPCR

The placenta was macerated in 1.5 mL of TRIzol reagent (Life Technologies, Thermo Fischer, USA). RNA extraction was performed following the manufacturer’s protocol. cDNA was prepared using High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, CA, USA). The reaction was carried out for selected genes using intron-spanning primers (Table 1) and the StepOnePlus Real-Time PCR system (Life Technologies, Thermo Fischer, USA). Samples were subjected to the following cycle: 95°C for 10 min, followed by 40 amplification cycles consisting of DNA denaturation for 30 sec at 95°C and annealing of primers for 30 sec at 60°C. The threshold cycle (Ct) was determined for each gene of interest and for the reference genes glycerol 3-phosphate dehydrogenase (Gapdh) and RNA Polymerase II Subunit A (Polr2a). The relative expression of each gene was calculated using 2-ΔΔCT (39) and graphically expressed as the fold-increase. The efficiency was calculated using the standard curve method. The melting curves were analyzed for each sample.


Table 1 | Primer sequences for the real-time PCR assay.






Detection of Cytokines and Chemokines In Maternal Serum and the Placenta

Initially, placental tissue was homogenized in extraction buffer (50 mM Tris, 150 mM NaCl, 1X Triton, 0.1% SDS, 5 mM EDTA, 5 mM NaF, 50 mM sodium pyrophosphate, 1 mM sodium orthovanadate, pH 7.4) containing complete protease inhibitor cocktail (Roche Applied Science, Germany) with TissueLyser LT (Qiagen, Germany). The protein concentration of each sample was analyzed using a Pierce™ BCA Protein Assay Kit (Thermo Scientific, USA) according to the manufacturer’s instructions. Analysis of the cytokines IL-6 and IL-1β and the chemokines monocyte chemoattractant protein-1 (MCP-1/CCL2) and chemokine (C-X-C motif) ligand 1 (CXCL1) in maternal serum and placenta was performed with MILLIPLEX MAP Mouse Cytokine/Chemokine Magnetic Bead Panel – Immunology Multiplex Assays (MCYTOMAG-70K, Merck Millipore, Germany) following the manufacturer’s recommendations. The plate with samples and magnetic beads was analyzed on a MAGPIX® System (Merck Millipore, Germany). The analyses were performed using Luminex xPonent® for MAGPIX® v software. 4.2 (Luminex Corp., USA). For each reaction well, the MAGPIX Luminex® platform reports the median fluorescence intensity (MFI) for each of the analytes in the sample. The levels of each analyte were then calculated against the standard curve. The ratio between the value obtained and the protein quantification for each sample was determined and plotted.



Virus Titration by Plaque Assay

Blood from mock- and ZIKVPE243-infected mice was collected from the base of the tail at 4 hours, 48 hours and 144 hours following the appropriate treatments and subsequently centrifuged at 400 g for 30 min for plasma separation. Samples obtained at different periods post infection were titrated using a plaque assay. Vero cells (obtained from ATCC® CCL81™) (African green monkey kidney epithelial cell line) were plated in 24-well plates at 4x104 cells per well in Dulbecco’s modified Eagle’s medium (DMEM) (GIBCO, Thermo Fisher, USA) supplemented with 5% fetal bovine serum (FBS) (GIBCO, Thermo Fisher, USA) and 1% gentamicin (10 μg/ml) (GIBCO, Thermo Fisher, USA) and cultured overnight for complete adhesion at 37°C with 5% CO2. Then, the medium was removed, and the cells were washed with 1x PBS and incubated with serial (base 10) dilutions of virus in FBS-free medium. After 90 min of incubation under gentle shaking, the medium was removed, and the cells were washed with 1x PBS and cultured with 1.5% carboxymethylcellulose (CMC) supplemented with 1% FBS (GIBCO, Thermo Fisher, USA). After 5 days, the cells were fixed overnight with 4% formaldehyde and stained with 1% crystal violet in 20% methanol (ISOFAR, Brazil) for 1 hour. Plaques were counted, and the virus yield was calculated and expressed as plaque-forming units per milliliter (PFU/ml).



Histological, Immunohistochemistry, and TUNEL Analyses of the Placenta

Placental fragments were fixed overnight and subjected to dehydration (increasing ethanol series; ISOFAR, Brazil), diaphanization with xylol (ISOFAR, Brazil) and paraffin (Histopar, Easypath, Brazil). Sections (5 μm) were prepared using a Rotatory Microtome CUT 5062 (Slee Medical GmbH, Germany) and subjected to immunohistochemistry and TUNEL analyses.

For immunohistochemistry, blocking of endogenous peroxidase was performed with 3% hydrogen peroxide diluted in PBS, followed by microwave antigenic recovery in Tris-EDTA (pH=9) and sodium citrate (pH=6) buffers (15 min for Tris-EDTA buffer and 8 min for citrate buffer). Sections were washed in PBS + 0.2% Tween and exposed to 3% PBS/BSA for 1 hour. Sections were then incubated overnight at 4°C with the following primary antibodies: anti-Ki-67 (1:100 – [M3064]; Spring Bioscience, USA), anti-P-gp (1:500 – Mdr1[sc-55510]; Santa Cruz Biotechnology, USA), anti-Bcrp (1:100 – Bcrp [MAB4146]; Merck Millipore, USA), anti-Abcg1 (1:100 – [PA5-13462]; Thermo Fisher Scientific, USA) or anti-Abca1 (1:100 – [ab18180]; Abcam Plc, UK). The next day, sections were incubated with the biotin-conjugated secondary antibody SPD-060 (Spring Bioscience, USA) for 1 hour at room temperature. Three washes were performed with PBS + 0.2% Tween followed by incubation with streptavidin (SPD-060 - Spring Bioscience, USA) for 30 min. Sections were stained with 3,3-diamino-benzidine (DAB) (SPD-060 - Spring Bioscience, USA), counterstained with hematoxylin (Proquímios, Brazil), dehydrated, diaphanized and mounted with a coverslip and Entellan (Merck, Germany).

For analysis of apoptotic nuclei, terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) staining was performed using an ApopTag® In Situ Peroxidase Detection Kit (S7100, Merck Millipore, USA) according to the manufacturer’s recommendations and as previously described (36). All negative controls were prepared with omission of the primary antibody.

Image acquisition was performed using a high-resolution Olympus DP72 (Olympus Corporation, Japan) camera coupled to an Olympus BX53 light microscope (Olympus Corporation, Japan). For nuclear quantification of Ki-67 and TUNEL immunolabeling, Stepanizer software (40) was used. For this analysis, we evaluated 15 images from different random fields of the Lz (labyrinth zone) and Jz (junctional zone) for each animal, in a total of five animals from each ICompetent group and three animals from each ICompromised group. A total of 360 digital images (40X) randomly captured per placental region (180 Lz imagens and 180 Jz images) were evaluated in each experimental group. The total number of immunolabeled Ki-67 or TUNEL nuclei in each digital image was normalized by the total image area to obtain an index of the estimated number of proliferative and apoptotic nuclei in the entire histological section analyzed. Analysis was undertaken by two investigators blinded to the treatment.

Quantification of P-gp, Bcrp, Abca1 and Abcg1 staining was performed using the Image-Pro Plus, version 5.0 software (Media Cybernetics, USA) mask tool. The percentage of viable tissue area was considered upon exclusion of negative spaces. A total of 360 digital images (40X) randomly captured per placental region (180 Lz imagens and 180 Jz images) were evaluated in each experimental group. Analysis was undertaken by two investigators blinded to the treatment.



Transmission Electron Microscopy (TEM)

Sections of the placental Lz and Jz were fixed in paraformaldehyde 4% (Sigma-Aldrich, Brazil) for 48 hours, postfixed with osmium tetroxide (Electron Microscopy Sciences, USA) and potassium ferrocyanide (Electron Microscopy Sciences, USA) for 60 min and dehydrated with an increasing series of acetone (30%, 50%, 70%, 90% and two of 100%) (ISOFAR, Brazil). Sections were subsequently embedded with EPOXI resin (Electron Microscopy Sciences, USA) in acetone (1:2, 1:1 and 2:1, respectively) followed by EPOXI pure resin. After polymerization, ultrafine sections (70 nm) were prepared (Leica Microsystems, USA) and collected into 300 mesh copper grids (Electron Microscopy Sciences, USA). Tissue was contrasted with uranyl acetate and lead citrate and visualized using a JEOL JEM-1011 transmission electron microscope (JEOL, Ltd., Akishima, Tokyo, Japan). Digital micrographs were captured using an ORIUS CCD digital camera (Gatan, Inc., Pleasanton, California, EUA) at 6000× magnification. An overall qualitative analysis of the Lz and Jz in different groups was performed by investigating the ultrastructural characteristics of the mitochondria and the ER cisterns. The qualitative evaluation consisted of analyzing disruption of the mitochondrial membranes, mitochondrial morphology, preservation of mitochondrial cristae and matrix intensity (41). Ultrastructural analysis of nuclear morphology and the presence of microvilli in trophoblast sinusoidal giant cells was also undertaken. Analysis of ER cisterns was performed by evaluating the dilation of their lumen (42).



Statistical Analysis

GraphPad Prism 8 software (GraphPad Software, Inc., USA) was used for statistical analysis. A D’Agostino & Pearson normality test was used to evaluate normal distribution, and outliers were identified using a Grubbs test. The data are expressed as the mean  ± SEM or individual values. One-way ANOVA followed by Tukey’s posttest was used for comparisons between different inbred groups, whereas Student’s t-test or a nonparametric Mann-Whitney test was performed to compare the outbred groups. Differences were considered significant when p<0.05. Pregnancy parameters were evaluated using the mean value of all fetuses and placentae in a litter per dam and not the individual conceptus, i.e., the mean value. In Figures 1, 2, “n” represents the number of dams. For MET and immunostaining data, placentae closest to the mean weight of all placentae were selected from each litter; “n” represents the number of litters (35–37).




Figure 1 | ZIKV infection induced fetal changes during pregnancy. (A) Experimental design: matings of C57BL/6 dams x C57BL/6 sires (mock n=11 dams; high ZIKV n=15 dams; low ZIKV n=9 dams) and A129 dams x C57BL/6 sires (n=3 dams/group). The mock control consisted of noninfected C6/36 cell supernatants; high ZIKV titers consisted of 5x107 plaque-forming units (PFU) of ZIKVPE243, and low ZIKV titers consisted of 103 PFU of ZIKVPE243. Fetuses from C57BL/6 dams and sires were termed ICompetent, whereas fetuses from A129 dams and C57BL/6 sires were termed ICompromised. (B) Maternal weight gain throughout pregnancy. (C) Uterine horn and survival rates following ZIKV exposure (arrows show resorption sites). (D) Fetal/reabsorption images (#=example of fetal reabsorption). (E) Fetal weight, (F) fetal head weight and (G) fetal head weight/fetal weight ratio. One-way ANOVA followed by Tukey’s posttest was used to assess changes among ICompetent groups, whereas an unpaired Student’s t-test or nonparametric Mann-Whitney test was used to assess differences between ICompromised groups. Values are the mean of individual plotted values. *p < 0.05, one-way ANOVA.






Figure 2 | Viral load detection in maternal and fetal tissues after ZIKV infection. Pregnant ICompetent and ICompromised mice were inoculated i.v. with low and high doses of ZIKV. (A, B) ZIKV RNA was measured via RT-qPCR in tissue samples obtained from maternal spleen and brain (A) and from placenta and fetal brain (B). (C) The presence of ZIKV infectious particles in the plasma of infected dams was evaluated with a plaque assay 4, 48, and 144 hours post infection in ICompetent (mock n=11 dams; high ZIKV n=15 dams; low ZIKV n=9 dams) and ICompromised (mock n=3 dams; high ZIKV n=3 dams; low ZIKV n=3 dams) mice.






Results


Weight Gain During Pregnancy Is Dependent on Maternal Immune Status in ZIKV-Infected Mice

To determine the effect of ZIKV infection on fetal and placental phenotypes at term (GD18.5), we infected Immunocompetent (ICompetent) C57BL/6 and immunocompromised (ICompromised) A129 mice with ZIKV at GD12.5 (Figure 1A). Given the very distinct susceptibility of C57BL/6 and A129 mice to ZIKV, systemic infection models were established by injecting high (5x107 PFU) and low (103 PFU) virus inoculum titers. As shown in Figure 1B, ICompetent C57BL/6 mice in all groups and ICompromised A129 dams inoculated with mock and low ZIKV titers exhibited higher maternal weight at GD18.5 than at GD12.5 and GD0.5 (p<0.05). On the other hand, ICompromised A129 mice presented significant weight loss at GD18.5, despite showing an increase at GD12.5 in relation to GD0.5 (Figure 1B).



Immunocompetent and Immunocompromised Mice Have Distinct Term Placental and Fetal Phenotypes in Response to High and Low ZIKV Titer Challenges in Mid-Pregnancy

The fetuses from C57BL/6 dams and sires were called ICompetent. The fetuses from the mating of A129 dams and C57BL/6 sires were called ICompromised. High-ZIKV ICompetent mice exhibited 34% fetal loss, whereas high-ZIKV-A129 mice had 100% fetal loss (Figure 1C). In the low-ZIKV groups, C57BL/6 mice had no (0%) fetal death, while A129 mice exhibited a 42% fetal death rate (Figure 1C). Fetal and fetal head sizes were decreased in A129 mice compared to those in C57BL/6 dams infected with the high ZIKV titer (p=0.05; Figures 1D–G). However, no changes in fetal weight or fetal head size were observed when the mice were infected with the low ZIKV titer (Figures 1D–G).



ZIKV Is Detected in the Fetal Brain of ICompromised, but Not ICompetent Mice

ZIKV RNA was detected in the spleens of pregnant ICompetent C57BL/6 mice inoculated with the highest ZIKV titer, confirming acute systemic infection. Viral RNA was also detected in the majority of the placentae of those mice (Figures 2A, B) but not in the maternal and fetal C57BL/6 brains (Figures 2A, B), suggesting that the virus was not transmitted to the fetuses. In contrast, ZIKV RNA was detected in all analyzed organs from ICompromised A129 dams, including the maternal brain and spleen and the placenta and fetal brain (Figures 2A, B). Viremia in maternal plasma was evaluated at 4, 48 and 144 hours after infection. Within 4 hours, the presence of the virus was verified in the serum (high ICompetent=637.5 PFU/mL, low ICompetent=740 PFU/mL and low ICompromised=325 PFU/mL), indicating that the virus was correctly inoculated. Afterwards, ZIKV RNA was detected in ICompromised dams at 48 and 144 hours post inoculation but not in ICompetent dams (Figure 2C).



ZIKV Infection Induces Distinct Systemic and Placental Inflammatory Responses in ICompetent and ICompromised Mice

The maternal serum and placental protein levels of specific cytokines and chemokines related to fetal death and preterm delivery (43–45) were evaluated to probe whether midgestation ZIKV infection would induce a maternal inflammatory response at term in our two distinct models. Since A129 infected with 5×107 ZIKV-PFU showed 100% fetal loss, we proceeded using 5×107 PFU inoculation in C57BL/6 mice and 103 PFU inoculation in both C57BL/6 and A129 mice.

CCL2 was elevated in the serum of low-ZIKV ICompetent mice, but no other alteration was systemically detected in any ICompetent mice at this time point (Figures 3A, B). On the other hand, ICompromised dams showed significantly increased CXCL1 and IL-6 levels in the serum and a strong trend for an enhancement in CCL2 (Figure 3C). Analysis of cytokine and chemokine expression in the placenta demonstrated that the CXCL1 and CCL2 chemokines were also upregulated in ICompromised but not ICompetent mice (Figures 3D–F). Surprisingly, IL-6 protein expression was augmented in the placenta of some of the low-ZIKV ICompetent mice (58%; p<0.05) but not in high-ZIKV mice or ICompromised mice (Figures 3D–F).




Figure 3 | ZIKV during pregnancy promotes an inflammatory response in the maternal serum and in the placenta. Levels of IL-1β, IL-6, CCL-2 and CXCL-1 in the maternal serum (A–C) and placenta (D–F) at GD18.5 in matings of C57BL/6 dams x C57BL/6 sires (ICompetent fetuses - mock n=11 dams; high ZIKV n=15 dams; low ZIKV n=9 dams) and A129 dams x C57BL/6 sires (ICompromised fetuses n=3 dams/group). Placental mRNA expression (G–I) of Ifng, Ifn1, Il1b, Il6, Il10 and Tnf. Broken lines show the expression levels in both lineages in the mock group. One-way ANOVA followed by Tukey’s posttest was used to assess changes among ICompetent groups, whereas an unpaired Student’s t-test or nonparametric Mann-Whitney test was used to assess differences between ICompromised groups. The values are expressed as the mean ± SEM. *P < 0.05.



We also assessed the placental mRNA expression of a range of cytokines related to placental infective responses: Ifng, Il6, Ifn1, Tnf, Il1b and Il10. All the infected mice showed a significant increase in Tnf mRNA expression, with higher levels detected in ICompetent mice (Figures 3G-I). The low-ZIKV ICompetent mice presented modest but significant Ifn1 expression, which was not detected in the high-ZIKV group (Figure 3G). Additionally, both low-ZIKV-infected groups (ICompetent and ICompromised) presented increased Ifng mRNA expression (Figures 3G, I, p< 0.05). Interestingly, placental Il6 mRNA levels were only elevated in ICompromised pregnancies compared to mock pregnancies (p=0.05) (Figure 3I). Il1b and Il10 remained unchanged in all groups analyzed (Figures 3G–I).



ZIKV Affects Placental Proliferation and Apoptosis in a Viral Load- and Maternal Immune Status-Dependent Manner

We did not observe changes in placental weight or in the fetal:placental weight ratio in any of the groups investigated (data not shown). However, since we detected the presence of ZIKV RNA in the placentas, we investigated the cellular proliferation (Ki-67+ cells) and apoptotic ratio in the Lz and Jz of the mouse placenta. Increased Ki-67 staining was observed in the Lz of high- and low-ZIKV-treated ICompetent animals compared to mock animals (Figures 4A–D, p=0.005 and p=0.015), whereas the apoptotic ratio in the Lz was increased in high-ZIKV dams and decreased in low-ZIKV dams (p=0.01, Figures 4E–H). Although no differences were observed in Ki67 staining (Figures 5A-D), a similar apoptotic pattern was detected in the Jz of ICompetent pregnancies (p=0.008 and p=0.004, respectively; Figures 5E–H). In contrast, in ICompromised dams, Lz Ki-67 staining was decreased (p=0.001; Figures 4I–L), while the apoptotic reaction was increased in ZIKV-infected animals (p=0.05; Figures 4M–P). Jz from ICompromised offspring exhibited increased Ki-67 labeling and no differences in the apoptotic reaction (p=0.001; Figures 5I–P).




Figure 4 | Labyrinthine remodeling in ICompetent and ICompromised placentae is affected by gestational ZIKV infection. A total of 180 digital images (40X) randomly captured from the whole labyrinth zone (Lz) of each placenta per dam were evaluated. Immunolabeled nuclei from each digital image were quantified and normalized by the total digital image area to obtain an index of the estimated number of proliferative and apoptotic nuclei in the entire histological section. (A, I) Quantification and (B–D, J, K) representative photomicrographs of Ki-67+ stained nuclei in the Lz of ICompetent (n=6 placentae from 6 independent dams/group) and ICompromised (n=3 placentae from 3 independent dams/group) placentae, respectively. (E, M) Quantification and (F–H, N, O) representative photomicrographs of apoptotic nuclei (TUNEL) in the Lz of ICompetent (n=5 placentae from 5 independent dams/group) and ICompromised (n=3 placentae from 3 independent dams/group) placentae, respectively. (L, P) Negative controls. One-way ANOVA followed by Tukey’s posttest was used to assess changes among ICompetent groups, whereas an unpaired Student’s t-test or nonparametric Mann-Whitney test was used to assess differences between ICompromised groups. The values are expressed as the mean ± SEM. Images were captured at 40X. Scale bar=50 µm.






Figure 5 | Junctional zone remodeling in ICompetent and ICompromised placentae is affected by gestational ZIKV infection. A total of 180 digital images (40X) randomly captured from the whole junctional zone (Jz) of each placenta per dam were evaluated. Immunolabeled nuclei from each digital image were quantified and normalized by the total digital image area to obtain an index of the estimated number of proliferative and apoptotic nuclei in the entire histological section. (A, I) Quantification and (B–D, J, K) representative photomicrographs of Ki-67+ stained nuclei in the Jz of ICompetent (n=6 placentae from 6 independent dams/group) and ICompromised (n=3 placentae from 3 independent dams/group) placentae, respectively. (E, M) Quantification and (F–H, N, O) representative photomicrographs of apoptotic nuclei (TUNEL) in the Jz of ICompetent (n=5 placentae from 5 independent dams/group) and ICompromised (n=3 placentae from 3 independent dams/group) placentae, respectively. (L, P) Negative controls. One-way ANOVA followed by Tukey’s posttest was used to assess changes among ICompetent groups, whereas an unpaired Student’s t-test or nonparametric Mann-Whitney test was used to assess differences between ICompromised groups. The values are expressed as the mean ± SEM. Images were captured at 40X. Scale bar = 50 µm.





Placental Ultrastructure Is Differently Impacted by High- and Low-Titer ZIKV Infection in ICompetent and ICompromised Trocaria Strains of Mice

Lz ultrastructural analyses of ICompetent and ICompromised-mock animals detected sinusoidal trophoblastic giant cells exhibiting regular microvilli, euchromatic nuclei, preserved mitochondrial ultrastructure and regular narrow ER cisternae (Figures 6A, B). In sharp contrast, high-ZIKV ICompetent (Figure 6C) infected placentae showed fewer villi in the sinusoidal giant trophoblastic cells, degenerated mitochondria, granular ER with dilated cisterns and euchromatic nuclei. The sinusoidal giant trophoblastic cells in the low-ZIKV ICompetent mice (Figure 6D) also had fewer villi and degenerated mitochondria than those in the mock placentae, but no effect on the ER or euchromatic nuclei observed. Low-ZIKV ICompromised infected placentae (Figure 6E) showed fewer villi in the sinusoidal giant trophoblastic cells, degenerated mitochondria, granular ER with dilated cisterns and euchromatic nuclei.




Figure 6 | Associated ultrastructural changes in the placental Lz after ZIKV infection. Transmission electron photomicrographs of ICompetent mock (A), ICompromised mock (B), ICompetent high (C), ICompetent low (D) and ICompromised low (E) groups (n=5/group). We observed dilatation in the ER cisterns of ICompetent high placentas. Additionally, there was a reduction in the microvilli in both the ICompetent high and ICompetent low placentas. In the ICompromised low group, we found fragmented ER and microvillus reduction. All infected groups showed degenerate mitochondria. GER = granular endoplasmic reticulum; Δ = dilated granular endoplasmic reticulum; * = fragmented granular endoplasmic reticulum; Mt, mitochondria; MtD, degenerate mitochondria; Mv, microvilli; EN, euchromatic nuclei; SS, sinusoidal space; TGC, trophoblastic giant cell. Scale bar = 2 µm.



The Jz of mock ICompetent and ICompromised placentae (Figures 7A, B) exhibited euchromatic nuclei, with evident heterochromatin, preserved mitochondria and narrow cisternae in a granular ER. High-ZIKV ICompetent Jz had degenerated mitochondria, granular ER with dilated cisterns and euchromatic nuclei (Figure 7C). Low-ZIKV ICompetent (Figure 7D) placentae exhibited euchromatic nuclei with evident heterochromatin, preserved mitochondria and narrow cisternae in a granular ER, whereas low-ZIKV ICompromised placentae had degenerated mitochondria, granular ER with dilated cisterns and euchromatic nuclei (Figure 7E).




Figure 7 | Associated ultrastructural changes in the placental Jz after ZIKV infection. Transmission electron photomicrographs of ICompetent mock (A), ICompromised mock (B), ICompetent high (C), ICompetent low (D) and ICompromised low (E) groups (n=5/group). We found deteriorating mitochondria and dilated reticulum endoplasmic cisterns in both the high ICompetent and low ICompromised groups. GER, granular endoplasmic reticulum; Δ, dilated granular endoplasmic reticulum; Mt, mitochondria; MtD, degenerate mitochondria; Mv, microvilli; EN, euchromatic nuclei; SS, sinusoidal space; TGC, trophoblastic giant cell; HA, heterochromatin area. Scale bar = 2 µm.





ZIKV Differentially Affects Placental Expression of Drug and Lipid ABC Transporter Systems

Evaluation of key ABC transporters in the Lz of mock and ZIKV-infected ICompetent and ICompromised placentae revealed that immunolabeling of the drug P-gp and Bcrp efflux transporter systems was primarily present at the cellular membranes of the sinusoidal trophoblastic giant cells, with diffuse cytoplasmic Bcrp staining. Labeling of the Abca1 and Abcg1 lipid efflux transporters was moderately and heterogeneously distributed within the Lz. Less Lz-P-gp was observed in ICompetent mice infected with both high- and low-ZIKV infective regimens than in mock-treated animals (p=0.001 and p=0.002, respectively; Figures 8A–E), whereas reduced Bcrp and Abca1 staining was observed in high-ZIKV-infected mice (p=0.003 and p=0.004, Figures 8F–J and 8K–O, respectively). No changes in Abcg1 were observed in any of the ICompetent experimental groups (Figures 8P–T). P-gp, Bcrp and Abca1 transporter immunostaining was downregulated in ICompromised low ZIKV-treated animals (p=0.001, p=0.05 and p=0.05, Figures 9A–D, 9E–H and 9I–L, respectively). No changes in Abcg1 were observed in any of the ICompromised experimental groups (Figures 9M–P).




Figure 8 | ZIKV infection decreases P-gp, Bcrp and Abca1 expression in the placental Lz of infected mice in the ICompetent groups. A total of 180 digital images (40X) randomly captured from the whole labyrinth zone (Lz) of each placenta per dam were evaluated. Immunolabeling in each digital image was quantified by calculating the percentage area of the total stained labyrinthine tissue after exclusion of the total negative space. (A) Quantification and (B–D) representative photomicrographs of P-gp staining in the Lz of ICompetent (n=6 placentae from 6 independent dams/group) placenta. (F) Quantification and (G–I) representative photomicrographs of Bcrp staining in the Lz of ICompetent (n=6 placentae from 6 independent dams/group) placenta. (K) Quantification and (L–N) representative photomicrographs of Abca1 staining in the Lz of ICompetent (n=6 placentae from 6 independent dams/group) placenta. (P) Quantification and (Q–S) representative photomicrographs of Abcg1 staining in the Lz of ICompetent (n = 6 placentae from 6 independent dams/group) placenta. (E, J, O, T) Negative controls. One-way ANOVA followed by Tukey’s post-test. The values are expressed as the mean ± SEM. Images were captured at 40X. Scale bar = 50 µm.






Figure 9 | ZIKV infection decreases P-gp, Bcrp and Abca1 protein expression in the placental Lz of infected mice in the ICompromised groups. A total of 180 digital images (40X) randomly captured from the whole labyrinth zone (Lz) of each placenta per dam were evaluated. Immunolabeling in each digital image was quantified by calculating the percentage area of the total stained labyrinth zone tissue after exclusion of the total negative space. (A) Quantification and (B, C) representative photomicrographs of P-gp staining in the Lz of ICompromised (n=3 placentae from 3 independent dams/group) placenta. (E) Quantification and (F, G) representative photomicrographs of Bcrp staining in the Lz of ICompromised (n=3 placentae from 3 independent dams/group) placenta. (I) Quantification and (J, K) representative photomicrographs of Abca1 staining in the Lz of ICompromised (n=3 placentae from 3 independent dams/group) placenta (M) quantification and (N, O) representative photomicrographs of Abcg1 staining in the Lz of ICompromised (n=3 placentae from 3 independent dams/group) placenta. (D, H, L, P) Negative controls. Unpaired Student’s t-test or nonparametric Mann-Whitney test was used to assess differences between ICompromised groups. The values are expressed as the mean ± SEM. Images were captured at 40X. Scale ba r= 50 µm.



Next, the impact of ZIKV on ABC transporters in the Jz layer (structural and endocrine layers of the mouse placenta) was assessed. P-gp and Bcrp were predominantly localized at the cellular membranes of spongiotrophoblast cells, whereas Abca1 and Abcg1 exhibited membrane and cytoplasmic staining. P-gp staining was decreased in Jz cells from the low-ZIKV ICompromised placentae (p=0.006), with no other alterations observed (Figures 10A–T, 11A–P).




Figure 10 | ZIKV infection did not impact P-gp, Bcrp, Abca1 or Abcg1 protein expression in the placental Jz of infected mice in the ICompetent groups. A total of 180 digital images (40X) randomly captured from the whole junctional zone (Jz) of each placenta per dam were evaluated. Immunolabeling in each digital image was quantified by calculating the percentage area of the total stained junctional zone tissue after exclusion of the total negative space. (A) Quantification and (B–D) representative photomicrographs of P-gp staining in the Jz of ICompetent (n=6 placentae from 6 independent dams/group) placenta. (F) Quantification and (G–I) representative photomicrographs of Bcrp staining in the Jz of ICompetent (n=6 placentae from 6 independent dams/group) placenta. (K) Quantification and (L–N) representative photomicrographs of Abca1 staining in the Jz of ICompetent (n=6 placentae from 6 independent dams/group) placenta. (P) Quantification and (Q–S) representative photomicrographs of Abcg1 staining in the Jz of ICompetent (n=6 placentae from 6 independent dams/group) placenta. (E, J, O, T) Negative controls. One-way ANOVA followed by Tukey’s post-test. The values are expressed as the mean ± SEM. Images were captured at 40X. Scale bar = 50 µm.






Figure 11 | ZIKV infection decreases Bcrp protein expression in the placental Jz of infected mice in the ICompromised group. A total of 180 digital images (40X) randomly captured from the whole junctional zone (Jz) of each placenta per dam were evaluated. Immunolabeling in each digital image was quantified by calculating the percentage area of the total stained junctional zone tissue after exclusion of the total negative space. (A) Quantification and (B, C) representative photomicrographs of P-gp staining in the Jz of ICompromised (n=3 placentae from 3 independent dams/group) placenta. (E) Quantification and (F, G) representative photomicrographs of Bcrp staining in the Jz of ICompromised (n=3 placentae from 3 independent dams/group) placenta. (I) Quantification and (J, K) representative photomicrographs of Abca1 staining in the Jz of ICompromised (n=3 placentae from 3 independent dams/group) placenta. (M) Quantification and (N, O) representative photomicrographs of Abcg1 staining in the Jz of ICompromised (n=3 placentae from 3 independent dams/group) placenta. (D, H, L, P) Negative controls. Unpaired Student’s t-test or nonparametric Mann-Whitney test was used to assess differences between ICompromised groups. The values are expressed as the mean ± SEM. Images were captured at 40X. Scale bar = 50 µm.






Discussion

In this study, we investigated several fetal and placental features at term (GD18.5) in ICompetent (C57BL/6) and ICompromised (A129) females exposed to ZIKV at mid-pregnancy (GD12.5). Fetal survival rates, systemic and placental inflammatory responses, placental ultrastructure and cell turnover, as well as the expression of key drug (P-gp and Bcrp) and lipid (Abca1) efflux transporter systems in the placenta, were consistently impacted by ZIKV in both strains. The magnitude of the effects was clearly related to the infective titer (high and low) of ZIKV and maternal immune status (ICompetent-C57BL/6 x and ICompromised-A129), and fetal alterations were not exclusively dependent on virus detection in the fetuses.

Infection of ICompetent mice with ZIKV did not result in viremia in the initial postinoculation phase, although viral RNA was detected in the maternal spleen in both the high- and low-ZIKV groups, confirming systemic infection. This is consistent with a previous report (46). Our data demonstrate that pregnant ICompetent C57BL/6 mice were more susceptible to high ZIKV titers than to low ZIKV infective. Since viral RNA was only detected in the placentae of high ZIKV-infected mice, fetal survival rates and weights were impacted to a greater extent in those mice. Strikingly, even though the virus was not present in the fetal brain (at least at term), fetal and fetal head weights were lower in mice subjected to the high-ZIKV titer regimen, suggesting that high infective viral load in mid-pregnancy, even in ICompetent individuals, can induce IUGR and lower fetal head weight despite a lack of transmission to the fetal brain (47). On the other hand, ICompromised placentae and fetal brains had detectable viral transcripts, with no changes in weight, which is consistent with previous data (19). In fact, in our models, the presence (ICompromised) or absence (ICompetent) of the virus in the fetal brain did not correspond to fetal head size (decreased in only high ICompetent). The data from ICompetent and ICompromised placentae demonstrate how important the maternal immunological status is to control viremia, fetal survival and accessibility of the virus to the fetal brain. The reason for the reduction in fetal brain size in C57BL/6 mice in the absence of fetal brain infection requires further investigation. It is possible that fetal brains in the ICompetent mice may have been exposed to ZIKV earlier in pregnancy, when viremia was present in the maternal blood, and this may have severely compromised brain development. Of note, one limitation of our study is that we measured fetal head weight instead of cortical thickness. Future studies should investigate whether high- and low-ZIKV exposure alters cortical thickness in ICompetent and ICompromised offspring.

A distinct inflammatory profile was also detected in the three analyzed groups. At the protein level, low-ZIKV-ICompromised dams exhibited increased maternal IL-6 and CXCL-1 and placental CCL-2 and CXCL-1, whereas low-ZIKV-ICompetent dams had increased maternal CCL2 and placental IL-6 levels. CCCL-2 and CXCL-1 are related to fetal death and preterm delivery (43–45) and could be associated with pronounced fetal injury detected upon ICompromised pregnancy. In addition, IL-6 was previously demonstrated (48) to be related to fetal response syndrome, characterized by activation of the fetal immune system. This syndrome is known to increase fetal morbidity and affect several organs, such as the adrenal gland, brain and heart (32, 48–51). At the mRNA level, Il6 expression was only detected in ICompromised placentae at term and may indicate a sustained harmful response in these mice until term. The IFN signaling pathway may be triggered by ZIKV (17) and is one of the key mechanisms of host defense and a viral target for immune evasion (20), but we only detected a slight increase in Ifn1 in low-ZIKV ICompetent mice at term. However, we cannot rule out the possibility that these cytokines might have been produced earlier. Our findings showed that Ifng expression was significantly enhanced in both ICompetent and ICompromised low-ZIKV-derived placentae but not in high-ZIKV-infected mice. Although we could not assess cytokine expression in high-ZIKV ICompromised placentas, one may extrapolate that low-ZIKV infection could result in stimulation of Ifng producing cells, which has been previously shown to be protective for ZIKV-infected mice (52).

Both ICompromised and ICompetent mice showed increased expression of placental Tnf mRNA, which has been demonstrated to be directly related to placental damage, abortion and premature birth (53–56). In addition, an increased Tnf response is related to impaired placental hormone production and trophoblastic invasion and increased apoptosis in pregnancy (57, 58). Although we did not assess TNF-α protein levels in the placenta and maternal blood, this response could be implicated in the overall damage detected.

Although differences in placental weight were not observed, ZIKV infection mid-pregnancy had a profound effect on placental cellular turnover, dependent on virus titer, strain and/or placental compartment. The Lz is responsible for fetal and maternal nutrient, gas and waste exchange, while the Jz provides structural support, nutrient storage and hormone synthesis (35). ZIKV induced a consistent increase in Lz proliferation in all groups. However, the Lz apoptotic rate was increased only in the high-ZIKV-ICompetent and ICompromised groups and decreased in low-ZIKV-ICompetent mice. The mechanisms underlying these differences are unknown but may be related to the distinct maternal and placental proinflammatory responses and/or to the direct effect of the virus on the placenta (59). Increased Lz apoptosis in the high-ICompetent-ZIKV group may be one of the mechanisms driving the lower fetal and fetal head weight detected in this group. In this context, changes in placental turnover can determine placental maturation and function and lead to fetal distress and developmental abnormalities (60). An increase in the Lz apoptotic ratio may signify damage to this placental layer, which is consistent with the fact that diverse pathological lesions associated with congenital disorders were described in placentae from women infected by ZIKV at different stages of pregnancy (61). Conversely, no proliferative changes were observed in the Jz in high-ZIKV and low-ZIKV ICompetent mice, while increased and decreased apoptotic rates were detected. It follows that the lack of Jz-Ki-67 induction may suggest that this layer is less capable of restoring proliferation in response to high-ZIKV challenge, and this may be related to decreased fetal growth.

Our placental ultrastructural analysis detected consistent differences across ZIKV-exposed groups. The Lz and Jz layers from both strains exhibited signs of ER stress, i.e., dilated ER cisterns or fragmented ER granular structures. These alterations may result from the accumulation of folded or poorly folded viral proteins in the ER lumen (42, 62, 63). The Flaviridae family uses the ER to replicate (64), and according to Offerdahl et al. (63), there is evidence of ZIKV interacting with this organelle, promoting an increased release of Ca+2 from the ER to the cell cytoplasm, thereby causing an increase in the production of reactive oxygen species (ROS) (65, 66).

The mitochondrial ultrastructure in the Lz and Jz layers was severely impacted by ZIKV exposure. We found evidence of mitochondrial degeneration, i.e., mitochondrial membrane rupture, absence of mitochondrial ridges and a less electron-dense mitochondrial matrix, in all the treated groups. Placental mitochondrial dysfunction is associated with IUGR (67, 68) and may be related, at least in part, to the lower fetal weight observed in high-ZIKV-ICompetent fetuses along with the altered placental apoptotic and proliferative patterns. Furthermore, mitochondrial dysfunction together with ER stress is likely to modify the placental ROS balance and generate local oxidative stress (69), which is associated with impaired fetal development (70). Of importance, associations between mitochondrial disruption, ER stress and placental cell senescence have been reported. Senescence is characterized as an irreversible interruption of the cell cycle and acquisition of a senescence-associated secretory phenotype (SASP) that promotes the release of cytokines, such as IL-1, IL-6, IL-8 and proinflammatory proteases (70). Therefore, the increased expression of IL-6 detected in the placentas of ICompromised mice suggests a SASP profile, which may be related to changes in the ER and mitochondrial ultrastructure, accompanied by important changes in apoptosis and cell proliferation. The interactions between mitochondria and the ER are critical for homeostasis and cell signaling (71). In conjunction with the ER, mitochondria can regulate cell death mediators in response to hypoxia and inflammation (72). The increase in apoptosis observed in the high-titer ICompetent groups and the low-titer ICompromised group may be related to the mitochondrial damage and ER stress observed. In fact, we observed an important decrease in microvillus abundance in sinusoidal giant trophoblast cells. Previously, we observed a decrease in microvillus density in the Lz of pregnancies exposed to malaria in pregnancy (MiP) (36). Together, our data show that different gestational infective stimuli (MiP and ZIKV) are capable of damaging placental microvillus abundance and impairing proper fetal-maternal exchange function and fetal growth/survival.

Next, to investigate whether maternal ZIKV exposure may influence fetal protection, we evaluated the placental localization and expression (semiquantitative) of the ABC efflux transporter systems P-gp, Bcrp, Abca1 and Abcg1, which are highly enriched in labyrinthine microvilli and in human syncytiotrophoblasts. These efflux transporters exchange drugs, environmental toxins, cytotoxic oxysterols and lipids within the maternal-fetal interface (26). We found a consistent decrease in labyrinthine P-gp expression in all ZIKV-exposed groups, demonstrating that ZIKV infection during pregnancy has the potential to increase fetal exposure to P-gp substrates, such as synthetic glucocorticoids, antibiotics, antiretrovirals, antifungals, stomach-protective drugs, and nonsteroidal anti-inflammatory drugs (26). Furthermore, Jz-P-gp was decreased in ICompromised placentae. Although little is known about the function of ABC transporters in the Jz, our data highlight the need for further studies investigating the biological importance of ABC transporters in the placental endocrine and structural zones of the rodent hemochorial placenta under normal and infective conditions.

ZIKV impaired Lz Bcrp and Abca1 expression in ICompetent (high) and ICompromised (low) mice. However, no effects were observed in ICompetent animals at a low ZIKV titer or in Abcg1 in any experimental setting. Thus, ZIKV also likely increases fetal accumulation of Bcrp substrates (antibiotics, antiretrovirals, sulfonylureas, folate, mercuric species, estrogenic mycotoxins, carcinogens and phototoxic compounds, among others) and disrupts placental lipid homeostasis (lipids, cholesterol, and cytotoxic oxysterols) by reducing placental Abca1 expression (26, 73–76). We can speculate that the increased fetal accumulation of the P-gp, Bcrp and Abca1 substrates during ZIKV infection may contribute to the establishment of congenital Zika syndrome, although additional studies are clearly required to answer this important question. The present data are in agreement with previous publications showing that bacterial, viral and protozoan inflammation alters the expression and/or function of P-gp, Bcrp and Abca1 in biological barriers, such as the placenta, yolk sac and blood-brain barriers (26, 27, 36, 64, 77–79).



Conclusion

Our data show that gestational ZIKV impacts the fetal phenotype independently of term fetal viremia. Abnormal placental cell turnover, ultrastructure and transporter expression may result from specific proinflammatory responses that depend on the ZIKV infective load and maternal immune status. Fetal accumulation of drugs, environmental toxins and lipids within the fetal compartment may potentially be increased in ZIKV-infected pregnancies due to altered levels of key ABC transporters.
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Since the beginning of the pandemic, few papers describe the placenta’s morphological and morphometrical features in SARS-CoV-2–positive pregnant women. Alterations, such as low placental weight, accelerated villous maturation, decidual vasculopathy, infarcts, thrombosis of fetal placental vessels, and chronic histiocytic intervillositis (CHI), have been described.


Objective

To analyze clinical data and the placental morphological and morphometric changes of pregnant women infected with SARS-CoV-2 (COVID-19 group) in comparison with the placentas of non-infected pregnant women, matched for maternal age and comorbidities, besides gestational age of delivery (Control group).



Method

The patients in the COVID-19 and the Control group were matched for maternal age, gestational age, and comorbidities. The morphological analysis of placentas was performed using Amsterdam Placental Workshop Group Consensus Statement. The quantitative morphometric evaluation included perimeter diameter and number of tertiary villi, number of sprouts and knots, evaluation of deposition of villous fibrin, and deposition of intra-villous collagen I and III by Sirius Red. Additionally, Hofbauer cells (HC) were counted within villi by immunohistochemistry with CD68 marker.



Results

Compared to controls, symptomatic women in the COVID-19 group were more likely to have at least one comorbidity, to evolve to preterm labor and infant death, and to have positive SARS-CoV-2 RNA testing in their concepts. Compared to controls, placentas in the COVID-19 group were more likely to show features of maternal and fetal vascular malperfusion. In the COVID-19 group, placentas of symptomatic women were more likely to show CHI. No significant results were found after morphometric analysis.



Conclusion

Pregnant women with symptomatic SARS-CoV-2 infection, particularly with the severe course, are more likely to exhibit an adverse fetal outcome, with slightly more frequent histopathologic findings of maternal and fetal vascular malperfusion, and CHI. The morphometric changes found in the placentas of the COVID-19 group do not seem to be different from those observed in the Control group, as far as maternal age, gestational age, and comorbidities are paired. Only the deposition of villous fibrin could be more accentuated in the COVID-19 group (p = 0.08 borderline). The number of HC/villous evaluated with CD68 immunohistochemistry did not show a difference between both groups.
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Introduction

One year after the recognition of the outbreak of the severe acute respiratory distress syndrome coronavirus 2 (SARS-CoV-2), it has spread all over the world, thus developing into a global pandemic with nearly 150 million confirmed infections and more than 3.1 million deaths worldwide so far (1). Fatalities and severe courses were primarily seen in elderly patients with relevant comorbidities, but soon there were reports of younger patients showing adverse outcomes (2, 3).

No longer after its first documented appearance, SARS-CoV-2 was suspected to be perinatally transmitted (4–8). This enveloped single-stranded RNA virus infects target cells by binding to angiotensin-converting enzyme 2 (ACE2) and entry into cells after spike protein cleavage by the transmembrane serine protease 2 (TMPRSS2). Since both proteins have been detected in the placenta and fetal tissues, a possible mechanism of intrauterine transmission and neonatal infection emerged (9–14), and the coronavirus disease 2019 (COVID-19) impact on pregnant women became of particular interest.

Along with the worldwide dissemination of COVID-19, reports of adverse pregnancy outcomes have emerged in the literature, such as preeclampsia, preterm delivery, miscarriage, intrauterine fetal demise, and neonatal death (15–18). Congenital infection can be challenging to characterize since pathogen detection usually requires specific methods, not always available, applied in a myriad of maternal and fetal samples. Despite that, antepartum or peripartum vertical transmission is now substantially documented. Almost 30% of neonatal infections reported to date occurred due to transplacental transmission, and the remaining due to environmental exposure. Additionally, Raschetti et al. observed that 55% of infected neonates developed COVID-19 (19–25).

It is well recognized that analysis of the placental histopathological changes can provide valuable information, considering that a variety of pathological agents, including infectious ones, are associated with characteristic morphological findings (26–29). Regardless, few papers describe the placenta’s morphological and morphometrical features in SARS-CoV-2–positive pregnant women (30–34), and the association between maternal infection and abnormal placental findings is still to be determined.

Accordingly, the purpose of this study was to analyze clinical data and the morphological and morphometric changes in placentas of pregnant women infected with SARS-CoV-2 (COVID-19 group) and to compare the placentas of non-infected pregnant women (Control group) matched in a 1:1 fashion by gestational age at delivery, maternal age, and comorbidities.



Materials and Methods


Ethical Approvals

The Brazilian National Ethics Committee approved the presented study of Human Experimentation under the protocol number CAAE: 35129820.6.0000.0096. Families signed the informed consent forms. The authors followed all relevant guidelines, regulations, and ethics and safety protocols during this study execution at all stages. The data that support the findings of this study are available from the corresponding author.



Study Design

A prospective observational case-control study.



Study Patients and Control Group Selection

For the COVID-19 group (study group), pregnant women with laboratory-confirmed infection, whose respective placenta specimens have been sent for histologic examination, were eligible for inclusion. This group comprises 19 women who had SARS-CoV-2 infection confirmed either in the second (n = 3) or in the third gestational trimester (n = 16). Initially, we included women who spontaneously sought treatment at Complexo Hospital de Clínicas, Universidade Federal do Paraná (CHC-UFPR) or at Hospital Nossa Senhora das Graças (HNSG), Curitiba, Brazil, for symptoms of COVID-19 varying from mild to severe (n = 9). After the implementation of universal testing for SARS-CoV-2 infection for all obstetrical patients admitted to labor and delivery in both institutions, asymptomatic pregnant women were added thereafter (n=10).

For the Control group (n = 19), placentas of pregnant women who gave birth at CHC-UFPR in years prior to the SARS-CoV-2 outbreak were selected (from 2016 to 2018) and matched in a 1:1 fashion by gestational age at delivery, maternal age, and maternal comorbidities.

Historical controls were selected to ensure that women with false-negative test results for SARS-CoV-2 infection were excluded. Gestational age at delivery is a universally used matching variable since there is a correlation between placental development and the advancing gestation, which could interfere in the analysis. Maternal age and maternal comorbidities were also incorporated as matching variables, given their possible role as confounders when analyzing placental abnormalities.



Samples

Submission criteria for placental examination included maternal or fetal conditions previously diagnosed during prenatal care or gross abnormalities noted during delivery, as routinely implemented in both institutions. Therefore, the maternal-positive SARS-CoV-2 testing result was considered an abnormal maternal condition and a placental evaluation criterion.

All placentas were examined according to a standardized protocol that consisted of immediate fixation after delivery in 10 % buffered formalin for 72 h, gross examination with measurement of placental dimensions and chord length, weight evaluation of the placental disc after trimming of the fetal membranes and umbilical cord, followed by serial sectioning through 1.5-cm interval and cut surface examination. Macroscopic alterations were recorded and sampled. Additional representative samples of the umbilical cord (two sections), the membranes (one fetal membrane roll), and the chorionic plate (at least two full-thickness, non-peripheral sections including maternal and fetal surface) were submitted to paraffin embedding.



Clinical Information

Clinical and laboratory data were obtained from medical records during hospitalization; the mother and the newborn were followed up until discharge from the hospital.

Maternal information sought from each medical record for both groups comprised maternal age and comorbidities, parity, gestational age at delivery, mode of delivery, neonatal birth weight, and APGAR score. All pregnant women in both groups were tested for congenital intrauterine infections (TORCH) during prenatal care; only one (Patient code—PC 20-3744) tested positive for syphilis in the first trimester and received the preconized treatment.

For the study group, it was also retrieved the gestational age at and method used for SARS-CoV-2 infection diagnosis, presence or absence of symptoms typically attributed to COVID-19 (body temperature over 38°C, dyspnea, cough, myalgias, nausea and vomiting, diarrhea, headache, anosmia), disease severity (ranging from mild symptoms to critical organ dysfunction), and maternal outcome.



SARS-CoV-2 Testing

Maternal nasopharyngeal swabs specimens (n = 17) were tested for SARS-CoV-2 infection by real-time reverse transcriptase-polymerase chain reaction (RT-PCR). In the remaining two cases, the diagnosis was achieved by serologic testing (n = 2).

Detection of SARS-CoV-2 RNA in infants was performed in 13 case samples (n = 13), including umbilical cord blood (n = 13), amniotic fluid (n = 3), and infants’ nasopharyngeal swabs specimens (n = 6), all of them collected immediately after birth. The mothers’ milk was also tested in three cases.

Samples from formalin-fixed paraffin-embedded (FFPE) tissue were also tested to verify the presence of SARS-CoV-2 RNA in the placenta (n=11). Viral RNA extraction was performed with a commercially available paraffin extraction kit (Qiagen®) in Pelé Pequeno Príncipe Research Institute.

SARS-CoV-2 RNA identification tests were performed at CHC-UFPR and HNSG using XGEN MASTER COVID-19 Kit (Mobius Life Science, Inc, Brazil). Quantitative anti-SARS-CoV-2 IgM and IgG dosage was done in peripheral blood samples in both institutions.



Morphologic Analysis

All representative placental samples taken for microscopic assessment underwent routine processing, embedding, sectioning at 5 µm, and staining with hematoxylin and eosin (H&E).

The qualitative morphological analysis was performed in all placentas from the COVID-19 and Control groups (n = 38) using the Amsterdam Placental Workshop Group Consensus Statement (35). Histological sections containing at least one sample of the umbilical cord, membrane roll, and chorionic plate of every case from both groups were randomly selected and renamed by one research team member (blinding step). Two experienced perinatal pathologists systematically evaluated the slides.

Selected parameters were computed simply as “present” (yes) or “absent” (no). The extension and intensity of specific alterations were graded following Amsterdam protocol recommendations. The remaining parameters were subdivided into three quantitative categories: <30%, 30% to 70%, and > 70%, to record both the presence and extension of most alterations.

Assessed parameters included features of maternal vascular malperfusion (villous infarction, distal villous hypoplasia, accelerated villous maturation/increase in syncytial knots, decidual acute atherosis, decidual vascular fibrinoid necrosis with or without foam cells, decidual vascular mural hypertrophy, decidual chronic perivasculitis, absence of spiral artery remodeling, decidual arterial thrombosis, persistence of intramural endovascular trophoblast), features of fetal vascular malperfusion (fetal vascular thrombosis, fetal vascular intramural fibrin deposition, avascular villi, stem vessel obliteration/fibromuscular sclerosis, villous stromal-vascular karyorrhexis, vascular ectasia), delayed villous maturation, features of maternal inflammatory response (chorionitis, chorioamnionitis), features of fetal inflammatory response (umbilical vasculitis, funisitis), features of chronic inflammation (chronic deciduous, villitis, intervillositis), intervillous thrombi, microcalcification foci, chorangiosis, and membrane meconium and hemosiderin staining.



Morphometric Analysis

The morphometric analysis included measurement of the perimeter and diameter of the villi, counting the number of tertiary villi, sprouts and knots of tertiary villi, quantifying the villous fibrin and the intra-villous collagen I and III depositions. It was performed in 11 cases of the COVID-19 group and eleven Control group cases (n = 22), matched for gestational age, maternal age, and maternal comorbidities.

One histological section stained with H&E containing at least one sample of the chorionic plate was randomly selected from every case in both groups (n = 22). Samples of grossly identified lesions were previously excluded. Each section was subsequently photographed at a magnification of 200× (medium power field—MPF) using the Scanner Axion Scan.Z1 (Zeiss AG, Oberkochen, Germany), resulting in about 5,000 high-resolution images for each case (ZEN Blue Edition, Zeiss, Germany). Following the exclusion of unfocused images, with artifacts, with non-villous tissue, or less than 100% of the field occupied with placental villi, the remaining images were randomized to obtain about 100 images for each case of both groups. The villi’s perimeter and diameter were measured using Image-Pro Plus® 4 software, based on freehand drawing on 100 villi in consecutive images. At the end of each villus’ contour, the program provided perimeter and minor diameter in micrometers (µm).

The variables number of tertiary villi, number of sprouts, and knots of tertiary villi were assessed by simply counting these microscopic structures by an experienced perinatal pathologist, in 30 of those 100 images, after a new cycle of randomization.

Histological sections were also stained with phosphotungstic hematoxylin (n = 22) and Sirius Red (n = 22), aiming to evaluate villous fibrin and intra-villous collagen I and III depositions, respectively. As previously described for H&E, the slides were photographed at MPF using the Scanner Axion Scan.Z1, and the resulting images were randomized to obtain about 200 images for every case of the COVID-19 and Control group for each stain. Positive control was chosen as a “mask,” which contained adequate levels of specific pigment precipitation. The mask was then superimposed on the sample images, and Image-Pro Plus 4 software identified the positive areas, expressing the results as positive pigment deposition areas per μm2. The values obtained for the collagen analysis were further divided by the observed field’s total area, generating a percentage value for each image (36).

The morphometric analysis was also blind since each case was previously renamed by one member of the research team not involved in the data acquisition, and the images were also randomly generated by the software afterward, with no investigator’s interference.



Immunohistochemistry

Histological sections of the placentas from both groups (n = 22) were fixed on electrically charged glass slides and subsequently dewaxed with heated xylol (37°C), dehydrated by successive baths of absolute ethyl alcohol with decreasing solution concentrations and rehydrated with water. Methyl alcohol and hydrogen peroxide were used to block endogenous peroxidase and distilled water and hydrogen peroxide for the second block. Next, incubation with anti-CD68 primary antibody (KP1 clone, monoclonal mouse, Biocare, California, USA) for 1 h and secondary antibody associated with the dextran polymer (Spring Bioscience, Pleasanton, USA) for 30 min. For development, DAB/substrate complex (DAB, DakoCytomation) was added onto the slides, followed by counterstaining with Mayer’s hematoxylin, dehydration with ethyl alcohol baths in increasing concentrations, clarification with xylol, and blending with Canada balsam. The protocol developed and described above is already standardized and routinely used in CHC-UFPR. To quantify Hofbauer cells (HC), the number of villi and CD68+ cells in those villi were counted in 30 high-power random fields (HPF= 400×). Only positive cells morphologically compatible with histocytes, with visible nuclei, and located within villi were considered suitable for counting. Unspecific staining, staining of any other cells, and cells without visible nuclei were excluded.

All immunohistochemistry assays included a negative control (missing a primary antibody) and positive control (human lymph node).



Statistical Analysis

Means, standard deviations, medians, minimum, maximum values, frequencies, or percentages were used to describe the findings. The nominal variables are expressed as actual values and frequency and analyzed by Pearson chi-square test and or by Fisher exact test. Most of the quantitative variables exhibited normal distribution, as verified by the Shapiro–Wilk test, and were compared with the t-test. The Kruskal–Wallis non-parametric test was performed to compare the remaining quantitative variable between groups (fibrin deposition). For both tests, statistical significance was defined as a p-value of <0.05. The data were analyzed using the IBM SPSS Statistics v.20.0 software. Armonk, NY: IBM Corp.




Results

Relevant clinical information about each case in both groups is summarized in Tables 1 and 2. Comparison between groups regarding clinical data and morphologic findings are resumed in Table 3 (n = 38). In Table 4, morphometric data are presented along with clinical information of the cases evaluated from both groups (n = 22). Figure 1 exemplifies morphometric and morphological parameters evaluated.


Table 1 | Clinical information of the COVID-19 group.




Table 2 | Clinical information of the Control group.




Table 3 | Clinical and morphological comparisons between COVID-19 group (n=19) and Control group (n=19) placentas.




Table 4 | Clinical and morphometrical comparisons between COVID-19 group (n=11) and Control group (n=11) placentas.






Figure 1 | Morphometric and morphological analysis of placental specimens from women infected with SARS-CoV-2 (COVID-19 group) and the Control Group. Fibrin deposition evaluation in COVID-19 group (A) and Control group (B) in phosphotungstic hematoxylin (star—deep blue amorphous material); both perivillous and intravillous deposition were included. Sirius Red: bright red collagen I (C) and green collagen III fibers (D) under polarized light. Photomicrography of immunostaining with CD68 (KP1 Clone, Biocare) in COVID-19 group (E) and in Control group (F); eligible Hofbauer cells to counting (circled cells and those near the star). Macrophages outside villi and unspecific marking were excluded (arrows). Fetal vascular thrombosis (G) and decidual vasculopathy (H) in COVID-19 cases.




Maternal Clinical Profile and SARS-CoV-2 Testing Results

Among the nineteen patients testing positive for SARS-CoV-2 infection, almost half (9/19, 47.4%) were symptomatic. Three had COVID-19 symptoms varying from mild (fever, cough, among others, but without dyspnea) to moderate (with dyspnea, but without the necessity of complementary life support) (3/9, 33.3%). Six developed severe courses, requiring orotracheal intubation and hemodynamic support within less than seven days after admission (6/9, 66.6%). Two of them died due to COVID-19 associated complications (2/6, 33.3%).

Twelve patients of the COVID-19 group had at least one comorbidity (12/19, 63.2%), such as hypertension (3/19, 15.8%), diabetes (4/19, 21%), obesity (4/19, 21%), and hypothyroidism (4/19, 21%). One patient had a diagnosis of Kartagener syndrome (chronic sinusitis, bronchiectasis, and situs inversus with dextrocardia) and had a cardiac valvar replacement (metallic) for 10 years (Patient code—PC 20-3282).

Most pregnant women tested positive for SARS-CoV-2 in the third gestational trimester (16/19, 84.2%), either immediately before delivery in asymptomatic patients or within less than 15 days from delivery in symptomatic ones.

Only three patients had a positive result in the second trimester, all of them with severe COVID-19 symptoms and equally close to delivery. In this subgroup, one woman died due to COVID-19 complications along with her infant (PC 20-5379). One had an intrauterine demise (PC 20-3364) and recovered utterly afterward. The third evolved to preterm labor (PC 20-3561).



Newborns Clinical Outcome and SARS-CoV-2 Testing Results

The mode of delivery, APGAR score, placental weight, fetal weight, fetal/placental weight ratio were similar between both groups (p=NS).

Among the 19 infants in the COVID-19 group, sixteen were born alive (16/19, 84.2%). We observed three infant deaths, being one intrauterine demise and two neonatal deaths within hours of delivery (3/19, 15.8%). All infant deaths occurred in women with severe COVID-19 symptoms, including the two who died due to COVID-19 complications (PC 20-3282 and 20-5379). In the Control group, all infants were born alive.

Preterm delivery was recorded in ten cases (10/19, 52.6%), including those with infant deaths mentioned above. In the Control group, nine pregnancies ended prematurely (9/19, 47.4%), a similarity that was expected due to methodological design. However, there were no recorded infant or maternal deaths.

SARS-CoV-2 RNA was detected in samples from five infants among thirteen tested (5/13, 38.4%). It was positive in one cord blood sample (PC 20-3364) and four newborns nasopharyngeal swabs specimens (PC 20-3282, 20-5379, 20-3744, and 20-5776). All amniotic fluid and mother’s milk samples tests returned negative.

From all FFPE placental tissue tested (n = 11), only one case was positive for SARS-CoV-2 RNA, being the case of intrauterine demise (PC 20-3364).



Morphologic Alterations

All parameters enumerated in Materials and Methods were sought systematically. Many of them were not identified in any sample. The histopathological alterations identified in both groups are listed in Table 3 and discussed below.



Morphometric Alterations and Immunohistochemistry Evaluation

The average number of sprouts and knots (per villous) of the COVID-19 group tertiary villi was 0.19 and 0.81, respectively, compared to 0.16 and 0.81 of the Control group (p=NS). The average perimeter of the COVID-19 group tertiary villi was 271.93 µm compared to 288.42 µm in the Control group (p=0.37). The mean diameter of the COVID-19 group tertiary villi was 51.78 µm than 50.52 µm in the Control group (p=0.57).

The quantitative morphometric analysis of deposition of villous fibrin revealed an average area of 686.64 µm2 in the COVID-19 group compared to 485.36 µm2 in the Control group (p=0.08 - borderline).

The quantitative morphometric analysis of deposition of intra-villous collagen I and III revealed that COVID-19 group average areas were 36.40% and 63.60%, respectively, compared to 41.01% and 58.99% of the Control group (p=0.45).

HC counting revealed an average number of 1,7 CD68+ cell/villous in the COVID-19 group and 1,2 CD68+ cell/villous in the Control group (p=0.12).




Discussion

New insights are being acquired on SARS-CoV-2 infection pathophysiology. COVID-19 is associated with an exaggerated inflammatory response, usually proportional to the disease’s severity, recognized as a cytokine storm (37). Such inflammatory alterations cause endothelial damage and disruption in the coagulation system, which may play a direct pathogenic role in the disease (38). Reports of hypercoagulability, with d-dimer elevation, development of ischemic changes as gangrene of extremities, and even disseminated intravascular coagulopathy, are not uncommon. There is emerging evidence that at least part of COVID-19 manifestations is associated with a systemic thrombotic and microvascular injury (39–45). In pregnant women, when coagulation is already altered by pregnancy itself, the impact of COVID-19 is still the object of study.

In this context, placental findings are invaluable. To date, histopathological alterations described encompass maternal vascular malperfusion (MVM) features, including low placental weight, accelerated villous maturation, decidual vasculopathy, and infarcts. The MVM findings are frequently observed in placentas from pregnant women with hypertensive disorders, such as gestational hypertension and preeclampsia, and have been associated with oligohydramnios, preterm birth, and stillbirth. Fetal vascular malperfusion (FVM) alterations have been described as well, such as focal thrombosis of fetal placental vessels (30–34, 46). However, various authors did not identify a correlation between placental lesions and maternal infection, notably when the samples analyzed were obtained from uninfected placentas and infants (47).

Interestingly, in cases with confirmed transplacental infection, inflammatory alterations were more frequently observed, particularly chronic histiocytic intervillositis with trophoblast necrosis. In these cases, SARS-CoV-2 was detected in the syncytiotrophoblast by immunohistochemistry and or RNA in situ hybridization (48, 49). It is not yet clear if the syncytiotrophoblast destruction is caused by a direct viral effect or is secondary to inflammatory or ischemic injury. Whichever mechanism is involved, the damage of this protective villous layer can facilitate fetal infection.

Recognition of the disease’s impact on the placenta, and the maternal-fetal response’s nature, may help understand the processes involved in pathogenesis, and ultimately, it may lead to an explanation for an adverse outcome.


Maternal Clinical Profile and SARS-CoV-2 Testing Results

There were no significant differences in maternal age, gestational age at delivery, and maternal comorbidities profile between groups, thus corroborating that matching variables were adequately paired (p=NS).

In our COVID-19 group, the proportion of symptomatic patients is elevated (9/19, 47.4%). Since patients’ recruitment was done at the beginning of the pandemic, almost half of our cases correspond to symptomatic patients. After the universal screening was adopted, asymptomatic patients were also incorporated into the study.

In the literature, pregnant women’s outcomes have not been worse when compared to non-pregnant adult individuals. The severity of the COVID-19 seems to be related to existing comorbidities, like hypertension, obesity, among others (50–53), similarly to the general population. Most symptomatic patients in our study group had at least one comorbidity (8/9, 89%), including all the severely ill ones. In comparison, less than half of asymptomatic women had one comorbidity (4/10, 40%), and only one patient without comorbidities presented with mild symptoms (1/7, 15%—PC 20-5869).

Two women died from COVID-19 complications (PC 20-3282 and PC 20-5379). Both died shortly after hospitalization (three and one days after admission, respectively).



Newborns Clinical Outcome and SARS-CoV-2 Testing Results

The newborn outcome was directly related to the mother’s health status among women with COVID-19. In patients with severe disease, the conceptus health deteriorated after Intensive Care Unit admission in all cases. Thus, not surprisingly, an adverse fetal outcome was more likely to occur in symptomatic patients (7/9, 77.7%) when compared to asymptomatic ones (3/10, 30%). Most of the asymptomatic patients had term deliveries (7/10, 70%) without recorded complications.

When considering patients with comorbidities (12/19, 63.2%), eight gestations ended prematurely (8/12, 66.6%). This proportion is slightly higher than what was observed in the Control group (5/9, 55.5%), even though clinical variables were adequately paired. Compared to the Control group, COVID-19 was also more frequently associated with maternal and infant deaths (although not statistically significant, p = 0.09).

Pertaining perinatal transmission of SARS-CoV-2, published reports to date suggest that it occurs, but is considered rare, with less than 2% of neonates with positive results until 24 h of life (54, 55).

Schwartz et al. proposed that positive samples for SARS-CoV-2 RNA collected within the initial 72 h of life can be considered diagnostic of early-onset COVID-19 infection. The probability that the infection resulted from the vertical transmission is even greater if the test is performed until 24 h of life (very early-onset COVID-19 infection). The authors also proposed that in cases where pregnant women and their neonates both tested positive for SARS-CoV-2, transplacental transmission could be confirmed by demonstrating the virus in fetal-derived placental tissue using immunohistochemistry to demonstrate SARS-CoV-2 antigens or RNA in situ hybridization to demonstrate viral nucleic acid (56). The World Health Organization recently published a manual with a definition and categorization of the timing of mother-to-child transmission of the SARS-CoV-2. Since various fetal samples are prone to cross-contamination, it preconizes rigorous methodology for sample gathering and strict criteria for establishing congenital transmission. Viral detection should be preferably performed in sterile samples, collected at birth, using nucleic acid detection techniques to confirm transplacental transmission (54).

From newborns’ nasopharyngeal swabs and umbilical cord blood specimens tested, five resulted positive and were considered a possible congenital infection, or very early-onset COVID-19 infection, by the criteria above.

In two cases, the newborns were healthy until hospital discharge (PC 20-3744 and 20-5776). Two cases resulted in short-term neonatal deaths (PC 20-3282 and 20-5379); the families did not authorize postmortem evaluation in both cases. None of them exhibited symptoms attributable to SARS-CoV-2 disease.

In the fifth positive infant, a stillborn, SARS-CoV-2 RNA was detected in the umbilical cord blood sample collected immediately after delivery and in the placental FFPE tissue (PC 20-3364). An autopsy was performed, and evaluation of fetal tissues showed mild microglial hyperplasia, mild lymphocytic infiltrate, and edema in skeletal muscle. Other findings were unspecific and probably caused by intrauterine asphyxia. All fetal tissue samples tested negative for viral RNA. The authors (57) previously reported those results.



Morphologic Alterations

Our samples exhibited alterations spanning all major Amsterdam Placental Workshop Group Consensus Statement categories (MVM, FVM, delayed villous maturation, and inflammatory features). Most of them exhibited similar distribution between the two groups, which was expected due to the matching process. However, some results were unexpected.

Although maternal age and comorbidities were adequately matched, COVID-19 group placentas were more likely to show some MVM features when compared to controls, particularly signs of decidual vasculopathy. Decidual vascular mural hypertrophy was more frequently observed in the COVID-19 group (but did not reach statistical significance, p = 0.09). Ten patients exhibited this alteration (10/19, 56.6%), the majority without a recorded hypertensive disorder (7/10, 70%). In contrast, three of the five women with decidual vascular mural hypertrophy in the Control group had a hypertensive disorder.

The absence of spiral artery remodeling was significantly more frequent in the COVID-19 group (p=0,03). Six patients (6/19, 31.6%) exhibited this alteration combined with decidual vascular fibrinoid necrosis, mainly in women without the hypertensive disorder (5/6, 83.3%). In the Control group, those findings were noticed in only two cases, both in women with hypertension. Decidual arterial thrombosis was observed in only one case that ended with maternal and fetal death (PC 20-5379).

Accelerated villous maturation or increase in syncytial knots was similar in both groups, and those findings are supported by the morphometric analysis results discussed below. On the other hand, villous infarction and distal villous hypoplasia were less frequent in the study group.

Those findings are in consonance with previous reports describing higher decidual arteriopathy rates as a maternal vascular malperfusion feature in SARS-CoV-2 infected women. According to Shanes et al., though at least some of those alterations are thought to be chronic, its precise time of development is not precisely known, and as decidual arteriopathy appears to be more strongly related to COVID-19, it may be originating from a different mechanism (30).

Fetal vascular thrombosis was the FVM feature more frequently observed in our COVID-19 group. It was present in six cases (6/19, 31,5%), a significantly higher rate than in the Control group (p = 0.03). Of note, one case corresponded to the mother with Kartagener syndrome that evolved to maternal and neonatal death (PC 20-3282). In the Control group, this finding was detected only in one case, the mother showing no comorbidity (PC 20-5502). The distal lesions in villi indicative of fetal malperfusion were similar between both groups.

The frequency of inflammatory changes was similar between groups. Chronic histiocytic intervillositis, characterized by the accumulation of histocytes in the intervillous space, belongs to this category. In the context of COVID-19, such alteration is not frequently reported, and when present, was associated with adverse fetal outcomes and or with documented newborn infection by SARS-CoV-2 (30–33, 48, 49).

We identified chronic histiocytic intervillositis in four of our cases (PC 20-3282, PC 20-5379, PC 20-3364, and PC 20-4850). All four mothers with placentas having this finding had a severe COVID-19 course; two of them died. Their infants were prematurely born; three of them were positive for SARS-CoV-2 RNA in nasopharyngeal swab or umbilical cord blood samples. Those three died as well.

In the three cases that resulted in maternal and or infant death (PC 20-3282, PC 20-5379, PC 20-3364), features of MVM, FVM, and inflammatory changes were identified in various combinations. However, only in one case (PC 20-3364), MVM and FVM features were more intense and exhibited a broader distribution throughout the placenta than other specimens from both groups. This patient had a hypertensive disorder as well; because of that, those alterations cannot be attributed entirely to viral injury, even though COVID-19 may have a contributory role in the pathophysiology. Of note, chronic histiocytic intervillositis was observed in all three, two of them categorized as high grade (PC 20-5379, PC 20-3364).

Considering only the two cases that resulted in maternal deaths, placental findings were similar to those observed in the COVID-19 group, except for the presence of chronic histiocytic intervillositis.

Although the frequency of chronic histiocytic intervillositis was similar in COVID-19 and Control groups, this finding was not associated with adverse outcomes in the Control group. Interestingly, in the COVID-19 group, this finding was more frequently observed in placentas of severely ill patients, including those that died from COVID-19 complications, those associated with infant deaths, and with a positive SARS-CoV-2 RNA test in fetal tissues.



Morphometric Alterations and Immunohistochemistry Evaluation

Measurements of villi, such as diameter and perimeter, and counting of sprouts and knots in tertiary villi, aimed to evaluate villi maturity objectively (58, 59). Changes found in the placentas of the COVID-19 group do not seem to be different from those observed in the Control group, as far as maternal age, gestational age, and comorbidities are paired. Those data corroborate the morphological impression that villous maturity retardation or acceleration was not different between our COVID-19 and Control groups.

Fibrosis can be the final event after villi damage, following inflammatory, infectious, or vascular insults, such as described in FVM physiopathology (60). The relative amount of villous fibrosis estimated by evaluation of collagen I and III depositions with Sirius Red histochemical stain showed no difference between groups. There was no difference between groups for global collagen deposition analysis as well, meaning that there was no relative increase in the amount of villous fibrosis in the COVID-19 group.

The amount of fibrin deposited in the villi evaluated by the phosphotungstic hematoxylin histochemical stain could be more accentuated in the COVID-19 group since the difference between groups was borderline. However, such borderline difference between COVID-19 and Control groups was not perceived at the morphological analysis. In the qualitative evaluation, fibrin deposition seemed to be similarly increased in both groups, both in perivillous and intravillous topography.

The number of HC per tertiary villi was also similar between groups. This finding suggests that, at least in perinatally infected women, villous histocytes did not proliferate, and HC hyperplasia may not be as involved in the physiopathology of COVID-19 in the placenta as described for other viruses like Zika virus or HIV (28, 61–63).

In conclusion, pregnant women with symptomatic SARS-CoV-2 infection, particularly with the severe course, are more likely to exhibit an adverse fetal outcome, with slightly more frequent histopathologic findings of maternal and fetal vascular malperfusion, and chronic histiocytic intervillositis. The morphometric changes found in the placentas of the COVID-19 group do not seem to be different from those observed in the Control group, as far as maternal age, gestational age, and comorbidities are paired. Only the deposition of villous fibrin could be more accentuated in the COVID-19 group (p = 0.08 borderline). The number of HC/villous evaluated with CD68 immunohistochemistry did not show a difference between both groups.
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Zika virus (ZIKV) caused global concern due to Brazil's unexpected epidemic, and it was associated with congenital microcephaly and other gestational intercurrences. The study aimed to analyze the placenta morphometric changes of ZIKV-infected pregnant women (ZIKV group; n = 23) compared to placentas of HIV-infected (HIV group; n = 24) and healthy pregnant women (N-control group; n = 22). It also analyzed the relationship between the morphometric results and pathological alterations on conventional microscopy, gestational trimester of infection, and presence of the congenital Zika syndrome (CZS). There was a significant increase in area (p = 0.0172), as well as a higher number of knots (p = 0.0027), sprouts (p < 0.0001), and CD163 +Hofbauer cells (HCs) (p < 0.0001) in the ZIKV group compared to the N-control group, suggesting that villous dysmaturity and HCs hyperplasia could be associated with ZIKV infections. The HIV group had a higher area (p < 0.0001), perimeter (p = 0.0001), sprouts (p < 0.0001), and CD163 + HCs (p < 0.0001) compared to the N-control group, demonstrating that the morphometric abnormalities found in the ZIKV and HIV group are probably similar. However, when ZIKV and HIV groups are compared, it was observed a higher number of sprouts (p = 0.0066) and CD163+ HCs (p < 0.0001) in the first one, suggesting that placental ZIKV congenital changes could be more pronounced.




Keywords: Zika virus, HIV, vertical transmission, placenta, morphometric analysis



Introduction

During pregnancy, Zika virus (ZIKV) infection has been associated with fetal malformations, such as microcephaly, lissencephaly, cerebellar hypoplasia, hydrocephalus, polymicrogyria, abnormal development of the corpus callosum, and changes in neuronal migration and subcortical calcifications that configure the Congenital Zika Syndrome (1–9).

Recently, ZIKV caused global concern due to the unexpected epidemic of infection in Brazil, associated with congenital microcephaly and abortions, both of which have been more common when ZIKV infection occurred during the first trimester of gestation. Besides, severe cerebral malformations have not been described when the infection occurred in the third trimester, suggesting that the brain’s abnormal development associated with ZIKV could become the organogenesis period (10, 11).

CZS has been associated with placental alterations like an increase in the number of syncytial knots and sprouts, stromal disorders, villous immaturity, Hofbauer cells (HCs) hyperplasia, and vascular abnormalities (12, 13). The direct infection and replication of ZIKV in placenta tissues can be triggered by the infection of HCs (placental macrophage) in the chorionic villi (10). HCs appear to be the most frequently observed ZIKV-positive cells in the naturally infected human placentas and also may remain persistently infected until delivery. Even in the placenta samples with a short interval between the acute phase of infection and delivery time, ZIKV appears to be detected exclusively in HCs. Furthermore, villous immaturity may be related to congenital disorders caused by ZIKV infection, and it is also associated with an increase in HCs. The persistence of ZIKV-positive HCs in full-term placentas may indicate that these cells could provide a viral source for continued fetal infection and may be responsible for the transplacental transmission mediated by its migratory ability to reach the fetal vessels (12).

Human immunodeficiency virus (HIV) has also been associated with abortion, stillborn, preterm delivery, and other gestational intercurrences, but not with the congenital syndrome. However, the effects of HIV on the placentas remain poorly understood. The main target of HIV is CD4 T lymphocytes, but other cells expressing CD4 are also infected, like monocytes, macrophages, and dendritic cells, where HCs are included. Some of the alterations described include chorioamnionitis and deciduitis, and villitis, an increase in the number of syncytial knots and sprouts, stromal disorders like fibrin deposition and fibrosis, abnormalities of the villous maturation and infarction. Other authors have described placentas of HIV-infected pregnant with no pathological alterations on the conventional microscopy. On the other hand, morphometric techniques have usually shown alterations in villus diameter and perimeter, suggesting changes in villous maturation (14–18).

Given that, despite having different vertical transmission routes and outcomes, both HIV and ZIKV may produce similar morphological changes in placental tissues, such as villous immaturity and hyperplasia of HCs. Severe villitis, for example, does not appear to be a common form of placental injury in both cases. In addition, these two viruses can break through the placental barrier causing only subtle morphological alterations, resulting in placentas of the usual histological aspect under conventional microscopy (14–18).

Because of this, the present study aimed to analyze the placental morphometric changes in ZIKV-infected pregnant women and compare these changes with that found in HIV-infected pregnant women, considering gestational trimester of infection, presence of CZS, and pathological alterations on conventional microscopy as variables. In addition, this study also compares both groups (ZIKV and HIV) to the placentas of healthy (non-infected) pregnant women.



Materials and Methods


Ethical Approvals

The Brazilian National Ethics Committee approved the presented study under the number CAAE: 42481115.7.0000.5248. The authors confirm that all methods were carried out following relevant guidelines and regulations. Furthermore, the sample collection followed all relevant ethics and safety protocols. The data that support the findings of this study are available from the corresponding author upon reasonable request.



Samples

The ZIKV-infected placenta group (ZIKV group) comprises 23 placentas that were formalin-fixed paraffin-embedded (FFPE) (12). The 23 patients gave birth to 15 term healthy and eight malformed babies, between 34 and 40 gestational weeks (average = 38; median = 38; SD = 2.17). All the 15 term healthy babies (37–40 gestational weeks) are alive. Of the eight malformed babies, five were preterm (34–36 gestational weeks). Still, regarding this group of malformed babies, four of them are alive, two had perinatal death and two were stillborn. The 23 mothers have at least two positive tests for ZIKV infection: anti-ZIKV IgM positive in the maternal blood and/or colostrum, positive RT-PCR in the maternal blood and/or urine, positive RT-PCR in the frozen placenta samples, positive RT-PCR and/or immunohistochemical test in the FFPE placenta samples. The newborn/stillborn additional samples were also positive: brain tissue RT-PCR and anti-ZIKV IgM in the blood (12).

The HIV-infected placenta group (HIV group) consisted of 24 FFPE placenta samples of HIV-positive pregnant women with no comorbidities. Pregnant women gave birth to healthy newborns between 33 and 40 weeks (average = 38.08; median = 38; SD = 1.99) of gestation in 2004 to 2005, when ZIKV was not circulating in Brazil. The placentas showed no pathological changes on the conventional microscopy. We did not observe villous maturation changes, and weights of the newborns were normal for gestational age (average = 2789.29 g; median = 2730 g; SD = 497.19 g; min-max = 1780–3890 g). Maternal age of this group ranged from 17 to 42 years (average = 26; median = 26; SD = 6.53). The placentas were from pregnant women who had been diagnosed with HIV before or during their pregnancy. The newborns were followed up until their HIV infection condition was defined as negative. All the babies are alive e HIV-seronegative. The viral loads and CD4/CD8 ratio were measured three to six times for most patients. The viral loads ranged from 13047.5 to 5760 (copies), and the CD4/CD8 ratio ranged from 0.65 to 0.35 during the 9 months of pregnancy. Antiretroviral therapy was administered at least 1 month before the birth in all patients (16).

The non-infected placenta group (N-control group) comprises 22 pregnant women that had prenatal without comorbidities. They gave birth to healthy newborns, between 34 and 40 gestational weeks (average = 38.19; median = 38; SD = 1.65), from 2004 to 2005, when ZIKV was not circulating in Brazil. The placentas did not present anatomopathological alterations. We did not observe villous maturation changes, and weights of the newborns were normal for gestational age (average = 2957.27 g; median = 2887.5 g; SD = 762.63 g; min–max = 1770–4410 g). Maternal age of this group ranged from 15 to 40 years (average = 26.06; median = 24; SD = 7.14). The pregnant woman and the newborn were followed up until discharge from the hospital (16).

The samples of three groups were matched by gestational age, which varied from 33 to 38 weeks. All the pregnant women were submitted to laboratory tests for congenital intrauterine infections (TORCH = toxoplasmosis, rubella, cytomegalovirus, syphilis, and herpes) with negative results. Analysis of gestational age showed no significant differences between the groups.



Morphometric Analysis

Histological sections of all placentas were stained with hematoxylin & eosin (H&E) to evaluate the perimeter, diameter, and area of villi, the number of sprouts, syncytial knots, and villi numbers per medium power field (MPF). H&E sections were photographed at a magnification of 200× (MPF) using the Scanner Axion Scan.Z1, generating an average of 5,000 images. Unfocused, with artifacts, non-villous tissue representative (membranes, cord, decidua) images were excluded. The remaining images selected (about 1,000) had 100% of the field occupied with placental villi and were randomized to obtain about 100 images for each case of the three groups.

For all placentas, the perimeter, diameter, area of the villi, and basal membrane thickness were measured using Image-Pro Plus® 4 software, based on freehand drawing on 100 consecutive villi. After freehand villus’ contour, the program provided perimeter, diameters (major), area, and basal membrane thickness in micrometers or square micrometers (µm/µm2) (16).

To evaluate the syncytial knots and sprouts per villi, the same 100 MPF/H&E images were used and submitted to simple counting of these microscopic structures (12).



Immunohistochemical Analysis

Histological sections of the placentas were fixed on electrically charged glass slides and subsequently dewaxed with heated xylol (37°C), dehydrated with successive baths of absolute ethyl alcohol, and rehydrated with water. Methyl alcohol and hydrogen peroxide were used to block endogenous peroxidase and distilled water and hydrogen peroxide for the second block. They were incubated with anti-CD163 primary antibody (type: polyclonal/rabbit; clone/code: 14215; dilution: 1:1000; source: Thermo Fisher) for 1 h and with secondary antibody associated with the dextran polymer (Spring Bioscience, Pleasanton, USA) for 30 min. DAB/substrate complex (DAB, DakoCytomation) was added onto the slides, followed by counterstaining with Mayer’s hematoxylin, dehydration with ethyl alcohol baths, clarification with xylol, and blending with Canada balsam (12).

The 30 HPF (high power field = 400×) were analyzed by counting the number of villi and CD163+ HCs per villi in all three study groups.

The images were obtained from random sample regions without the interference of an observer. The morphometric measurements and the score of CD163 positive cells were performed blindly.



Statistical Analyses

The results were described by means, standard deviations, medians, minimum, and maximum values. The comparison of the groups concerning quantitative variables was performed using the non-parametric Kruskal-Wallis test or t-test. The Shapiro-Wilk test evaluated the normality condition. Values of p < 0.05 indicated statistical significance. The data were analyzed using the IBM SPSS Statistics v.20.0 software. Armonk, NY, USA: IBM Corp.




Results


Morphometric Alterations of the HIV and ZIKV Groups

The analysis of the area (p = 0.0172) and the number of knots (p = 0.0027), sprouts (p < 0.0001), and CD163+ HCs (p < 0.0001) in the ZIKV group demonstrated larger immature chorionic villi with a higher number of knots and sprouts and HCs hyperplasia when compared with the N-control group (Figure 1 and Supplementary Figure 1). 




Figure 1 | Morphometric analysis of placental specimens from women infected with ZIKV during the pregnancy compared to the HIV and N-control groups. Perimeter, diameter, and basal membrane (BM) thickness in µm; area in µm2; number of knots, sprouts, and CD163+ HCs per villi (CD163/villi). Photomicrography of a placental sample stained with H&E showing the perimeter of villi (red freehand drawing) in N-control group (A) and ZIKV group (B); the number of syncytial knots/villi (arrows) in N-control group (C) and ZIKV-group (D); the number of sprouts/villi (double arrows) in N-control group (E) and ZIKV group (F). Original magnification: 200×. Scale bars: 100 μm. Photomicrography of immunostaining with CD163 highlighting Hofbauer cell (arrowhead) in the N-control group (G) and ZIKV group (H). Original magnification: 400×. Scale bars: 50 μm.



HIV group placentas with no pathological alterations on conventional microscopy also showed changes in villous maturation and HC hyperplasia by morphometry analysis compared to the N-control group. The area (p < 0.0001), perimeter (p = 0.0001), number sprouts (p < 0.0001), and CD163+ HCs (p < 0.0001) of HIV group were higher than the N-control group (Figure 1 and Supplementary Figure 1).

The ZIKV group placentas showed higher values of the number of sprouts (p < 0.0066) and CD163+ HCs (p < 0.0001) compared to the HIV group (Figure 1 and Supplementary Figure 1).



Trimester of ZIKV Infection

Morphometric analyses were performed in placental samples from mothers who were infected with ZIKV during the first (n = 4), second (n = 8), and third trimesters of pregnancy (n = 6). In five placenta samples, the trimester of infection was unknown. The perimeter (p = 0.0292), number of knots (p = 0.0062), sprouts (p < 0.0001), and CD163+ HCs (p < 0.0001) showed significant differences by the trimester of infection. The most relevant differences were observed between the second trimester and third trimester of infection versus the N-control group, revealing second-/third-trimester ZIKV placentas with villous dysmaturity and HCs hyperplasia compared to the control placentas (Table 1).


Table 1 | Median (max-min) and p-value of morphometric data in the gestational trimester of infection, presence of placenta pathological alterations, and CZS.





Pathological Alterations

ZIKV group placentas with and without pathological alterations by conventional microscopy were compared. It was observed that placentas with pathological changes presented higher diameter (p = 0.0226), perimeter (p = 0.0212), number of knots (p = 0.0101), number of sprouts (p < 0.0001), and CD163+ HCs (p < 0.0001) compared to placentas without pathological alterations (Table 1). However, placentas considered within normal standards also presented morphometric changes characterized by higher area, perimeter, number of knots, sprouts, and CD163+ HCs compared to the N-control group (p < 0.05).



Congenital Zika Syndrome

The status of the newborns (with or without CZS) was also analyzed. The diameter (p = 0.0109), area (p = 0.0102), perimeter (p = 0.0035), number of knot (p = 0.0054), number of sprouts (p < 0.0001), and CD163+ HCs (p < 0.0001) were higher in placentas of newborns with CZS compared with placentas of newborns without this condition (Table 1).




Discussion


Morphometric Alterations of HIV and ZIKV Groups

The findings showed significant enlargement of the area of the ZIKV group when compared with the N-control group. A higher number of knots, sprouts, and CD163+ HCs were also noticed.

Syncytial knots are syncytiotrophoblasts’ specializations, and their severe increase in late gestation indicates early maturation (12). Syncytial sprouts are markers of trophoblast proliferation; they are seen frequently during early pregnancy and are increased in the villous dysmaturity (19, 20).

HCs, the most frequently ZIKV-positive cells, are placental villous macrophages of fetal origin, and alterations in their numbers (hyperplasia) and biological features are associated with complications in pregnancy. HCs play a role in diverse functions, such as placental vasculogenesis, immune regulation, and the secretion of enzymes and cytokines across the maternal-fetal barrier. In addition, there is some evidence suggesting the involvement of HCs in the development of placental villi (12).

This study’s findings corroborate with studies that showed a delay in villous maturation and signs of the HCs hyperplasia in ZIKV-infected placentas. These alterations could damage the chorionic villi, such as calcification, necrosis, Wharton jelly sclerosis, fibrin deposition, and a significant villi size increase (11, 21–23). We could conclude that all of the anatomopathological parameters could be confirmed by the morphometric data and may be used to describe ZIKV-infected placentas.

Other findings showed that the HIV group had a larger area, perimeter, number of sprouts, and CD163+ HCs compared to the N-control group. Studies also revealed that placentas exposed to HIV infection exhibited the following microscopic features: edema, villous immaturity, focal necrosis of trophoblasts, numerous HCs, intervillous fibrin deposition, and chorangiosis (17, 18, 24). However, when those patterns are subtle or minimal, pathologists cannot make the diagnosis. Given that, morphometric techniques may be helpful to identify subtle abnormalities.

Rabelo et al. (22) showed ZIKV NS1 protein in the decidual and endothelial cells of the maternal decidua and CTB, STB, and HCs in the third trimester placental tissues associated with an HIV-exposed, but uninfected, infant with severe congenital Zika syndrome. Nonetheless, the maternal HIV infection could have contributed to the permissiveness of other placental cell types to ZIKV infection.

Finally, when both groups (ZIKV and HIV) were compared, no statistically significant results were found, except for the number of sprouts and CD163+ HCs higher in the ZIKV group. Thus, it seems that HCs hyperplasia and sprouting/dysmaturity villi may be more pronounced and characteristic in the ZIKV-infected placentas (12, 17). Even though placental changes, such as dysmaturity and hyperplasia of HCs, can be seen in other maternal-fetal diseases, such as congenital infections (TORCH) and diabetes, in the absence of these comorbidities, this aspect may help the pediatric pathologists to suspect the diagnosis of ZIKV vertical transmission. This study also demonstrates that the morphometrical abnormalities finding in ZIKV and HIV groups are very similar, despite having different vertical transmission routes and outcomes since ZIKV is a teratogenic virus and HIV is not. In addition, vertical HIV transmission is much rarer than that of ZIKV, but it can increase perinatal and intrauterine deaths (Supplementary Figure 1) (14, 17, 18).



Trimester of ZIKV Infection

When the gestational trimester of infection was analyzed, it was observed that most of the differences between the ZIKV and N-control groups appear to be when infection occurred in the second or third trimester. Since all newborns of this study were in the third trimester (term or preterm), the shorter time that elapsed between the moment of ZIKV infection and the birth may be an explanation for more pronounced changes in these placentas.

The number of HCs also showed differences between groups, suggesting that these cells may have early hyperplasia, and this hyperplasia seems to be maintained throughout the gestational period, although it decreases in intensity over the months. This fact appears to agree with the hypothesis that these cells can work as a reservoir of ZIKV (12, 25).

Regardless of the trimester in which the infection occurred, as ZIKV is detected in placental cells until the end of pregnancy, it is plausible to speculate that the infection of the fetus could happen as a secondary event. In some cases, those abnormalities are only detected months after the delivery (20, 26–29).



Pathological Alterations

Fifteen of 23 ZIKV group placentas were diagnosed without pathological alterations for the pediatric pathologist. However, eight of them had pathological alterations on conventional microscopy, mainly villous immaturity. When placentas with and without pathological alterations were compared, placentas diagnosed with villous immaturity had a higher diameter, perimeter, number of knots, and CD163+ cells. This means that pathologists probably identified those alterations on conventional microscopy and, altogether, termed villous immaturity, so they did not need morphometry techniques to make these diagnoses.

On the other hand, ZIKV-group placentas with no pathological alterations also showed higher diameter, perimeter, and number of knots, sprouts, and CD163+ cells to the N-control group. Therefore, conventional microscopy cannot identify subtle alterations that morphometry could find.



Congenital Zika Syndrome

This study showed significant enlargement of the villi’s diameter, area, and perimeter and the number of sprouts and CD163+ HCs in the group that had CZS. In addition, eight infants had fetal malformations related to ZIKV infection during pregnancy. However, 15 women had the onset of ZIKV symptoms during pregnancy and gave birth to infants without CZS.

This study observed that ZIKV causes essential alterations in the placenta’s villous, leading to congenital disorders, stillborn, and neonatal death. We could also conclude that morphometric parameters may be biomarkers for CZS since they are more pronounced in malformed newborns. These data could help in the clinical follow-up of newborns with subclinical congenital disorders or even unapparent at birth.

In conclusion, there are placental dysmaturity alterations after ZIKV infection during pregnancy. Very similar placental alterations could be demonstrated on the HIV-infected pregnant women, but sprouting and HCs hyperplasia may be less pronounced in this group. Also, the morphometric analysis revealed villous dysmaturity even in placentas diagnosed within the usual standards by the routine exams. The second and third gestational trimester infections generated more villous dysmaturity and HCs hyperplasia than those pregnant women who became infected in the first trimester. In addition, placentas whose babies had CZS showed more pronounced changes than those without CZS. These alterations may help understand the aspect of ZIKV infection related to placental damage and congenital disabilities and possible deficiencies that might appear after birth.
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Human cytomegalovirus (HCMV) infects the placenta, and these placental infections can cause fetal injury and/or demise. The timing of maternal HCMV infection during pregnancy is a determinant of fetal outcomes, but how development affects the placenta’s susceptibility to infection, the likelihood of placental injury post-infection, and the frequency of transplacental HCMV transmission remains unclear. In this study, guinea pig cytomegalovirus (GPCMV) was used to model primary maternal infection and compare the effects of infection at two different times on the placenta. When guinea pigs were infected with GPCMV at either 21- or 35-days gestation (dGA), maternal and placental viral loads, as determined by droplet digital PCR, were not significantly affected by the timing of maternal infection. However, when the transcriptomes of gestational age-matched GPCMV-infected and control placentas were compared, significant infection-associated changes in gene expression were only observed after maternal infection at 35 dGA. Notably, transcripts associated with immune activation (e.g. Cxcl10, Ido1, Tgtp1, and Tlr8) were upregulated in the infected placenta. A GPCMV-specific in situ hybridization assay detected rare infected cells in the main placenta after maternal infection at either time, and maternal infection at 35 dGA also caused large areas of GPCMV-infected cells in the junctional zone. As GPCMV infection after mid-gestation is known to cause high rates of stillbirth and/or fetal growth restriction, our results suggest that the placenta becomes sensitized to infection-associated injury late in gestation, conferring an increased risk of adverse pregnancy outcomes after cytomegalovirus infection.
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Introduction

Congenital cytomegalovirus infection (cCMV), a leading cause of sensorineural hearing loss and neurocognitive disability in children, occurs in roughly 1 in 200 pregnancies (1–3). cCMV is also a cause of intrauterine growth restriction, preterm birth, and fetal demise (4–8). The timing of maternal human cytomegalovirus (HCMV) infection during pregnancy affects the rate of congenital transmission and fetal outcomes post-infection (9–18). Neurologic sequelae are most frequently observed in congenitally infected children when maternal infection occurs in the first trimester (14–17). Maternal infection late in pregnancy is associated with the highest rates of intrauterine growth restriction (IUGR) and congenital infection (9–13, 15, 18).

HCMV infects the placenta and these placental infections can cause fetal injury, including spontaneous abortion and neonatal demise, even in the absence of detectable viral transmission to the fetus (4, 5, 19–22). HCMV-associated placental pathology includes chronic villitis, cytomegalic cells, and areas of necrosis and calcification (19, 22–24). HCMV was detected in 15% of fetal remains and/or placenta after stillbirth and infection was found to be associated with fetal thrombotic vasculopathy (4). In a cohort of women with a prenatal diagnosis of fetal growth restriction, the detection of HCMV antigen in the placenta correlated with higher rates of villitis and more severe growth restriction than cases of IUGR without HCMV involvement (21). While HCMV appears to cause a hypoxia-like condition in infected placenta, how HCMV causes placental dysfunction remains poorly understood (22).

HCMV and other viruses may injure the placenta either directly by causing cytopathic effects in infected cells or by activating the maternal or fetal immune system and triggering placental immunopathology (25). Dysmature villi were frequently observed in HCMV-infected placentas, suggesting that infection can interfere with early placental development (19). Trophoblast progenitor cells can be infected by HCMV, and HCMV infection both limits the capacity of trophoblast progenitors to differentiate in vitro and disrupts the formation of anchoring villi in first trimester placental explants (26–28). The inflammatory response to viral infection during pregnancy can also cause placental dysfunction and adverse pregnancy outcomes (29). For example, type I interferon signaling triggered by Zika virus can cause abnormal placental development in mice and syncytial knot formation in villous explants (30). cCMV causes a proinflammatory cytokine bias in the placenta and amniotic fluid, but whether this host response disrupts normal placental function has yet to be determined (31, 32).

As the species-specificity of HCMV precludes its study in animals, guinea pig cytomegalovirus (GPCMV) has become the most widely used experimental model of cCMV (33, 34). Guinea pigs deliver precocious pups after gestational periods that average 65 days. Similarities between guinea pigs and humans include hemomonochorial placentas that invade deeply into the decidua and the prenatal development of major organs and the immune system (35–37). These similarities between human and guinea pig placentation and development make the rodent a uniquely powerful comparative model for understanding the developmental origins of health and disease (35). GPCMV infection studies have revealed that placental and fetal infection occur sequentially after maternal inoculation (34, 38–41). If maternal infection occurs early in pregnancy, infectious virus may not be detected in pup organs and evidence of prior fetal infection can be limited to the presence of infection-associated histologic lesions in pup organs (41–43). Maternal GPCMV infection after mid-gestation has been found to cause high rates of stillbirth and IUGR in pups (42–44).

In this study, we investigated whether the susceptibility and antiviral responses of the placenta to GPCMV infection varied across gestation. Time mated guinea pigs were infected either at 21 days gestation (dGA, “early”) or at 35 dGA (“late”). No significant differences in maternal or placental viral loads were noted between the two groups at 21 days post-infection (dpi). However, infection after mid-gestation caused more frequent fetal membrane infections and significant changes in placental gene expression that were not observed after infection at the earlier time point. Furthermore, in situ hybridization revealed that GPCMV infection primarily localized to the junctional zone after maternal infection at the later time. Our observations lead us to propose that GPCMV-associated stillbirth and IUGR are the result of developmentally regulated changes in the placenta that predispose the organ to infection-associated injury late in gestation.



Materials and Methods


Cells and Virus

A minimally tissue culture adapted stock of GPCMV 22122 (ATCC VR-682), prepared as previously described by passaging guinea pig salivary gland homogenate twice on JH4 guinea pig lung fibroblasts (ATCC CCL-158), was used for this study (33, 45, 46). JH4 cells were purchased from ATCC and propagated according to their specifications excepting that the growth media was supplemented with sodium bicarbonate (47). GPCMV stocks were prepared as previously described and titered on JH4 cells (48). For animal studies, virus was aliquoted into single-use units, flash-frozen, and stored at -80°C. These aliquots were routinely re-titered as guinea pigs were infected to confirm that the stock did not deteriorate during storage.



Ethics Statement

All animal procedures were conducted in accordance with protocols approved by the Institutional Animal Care and Use Committee (IACUC) at the University of Minnesota, Minneapolis (Protocol ID: 1810-36403A). Experimental protocols and endpoints were developed in strict accordance to the National Institutes of Health Office of Laboratory Animal Welfare (Animal Welfare Assurance #A3456-01), Public Health Service Policy on Humane Care and Use of Laboratory Animals, and United States Department of Agriculture Animal Welfare Act guidelines and regulations (USDA Registration # 41-R-0005) with the oversight and approval of the IACUC. Outbred Hartley guinea pigs were initially purchased from Elm Hill Laboratories (Chelmsford, MA). Breeding pairs of strain 2 and strain 13 guinea pigs were generously shared by MS and the U.S. Army Medical Research Institute of Infectious Diseases, respectively. Guinea pigs were housed in a facility maintained by the University of Minnesota Research Animal Resources, who were accredited through the Association for Assessment and Accreditation of Laboratory Animal Care, International (AAALAC). All procedures were conducted by trained personnel under the supervision of veterinary staff.



Animal Pathogenicity Study

The GPCMV serostatus of all animals received from an external source was tested by ELISA within one week of receipt and again after one month of housing at the University of Minnesota (49). Only GPCMV seronegative animals were used for infection studies. Female guinea pigs were bred at two to three months of age. After the delivery of their first litter, the animals were bred a second time during postpartum estrus to establish timed pregnancies by housing with a male for three days postpartum. These second pregnancies were confirmed by progesterone ELISA (DRG International); only animals with plasma progesterone concentrations exceeding 15 ng/ml by 20 days postpartum were included in this study (50).

At either 21 (range 18 to 23) or 35 (range 33 to 35) dGA guinea pigs were injected subcutaneously into the scruff of the neck with 0.5 ml of PBS containing 2x105 PFU of GPCMV or PBS alone. Blood and plasma were collected from dams every seven days post-infection (dpi) until they were euthanized at 14, 21, or 28 dpi. After euthanasia, blood and plasma were collected from the dams and amniotic fluid was collected from the pups. Pup tissue samples were divided and frozen for DNA extraction, stabilized in RNAlater (ThermoFisher) for RNA extraction, embedded in optimal cutting temperature (O.C.T.) compound (Fisher Scientific), or immersion-fixed using Shandon Formal-Fixx (ThermoFisher) and embedded in paraffin.



Viral Load Quantification by Droplet Digital PCR

After DNA was extracted from whole blood, tissue, and amniotic fluid, GPCMV genomes were quantified by droplet digital PCR (ddPCR) using primers and probes specific to GP54 using the Bio-Rad QX200 system as previously described (46). ddPCR results were analyzed using the QuantaSoft™ Analysis Pro software (Bio-Rad); GPCMV viral loads are presented as the number of copies genome per ml of fluid or mg of tissue.



RNA Sequencing

RNA was extracted from guinea pig placentas that had been stabilized in RNAlater (ThermoFisher) and stored at -20°C using the RNAeasy Mini Kit (Qiagen). ~30 mg pieces of placenta were combined with 0.6 ml of β-mercaptoethanol-containing RLT buffer and Lysing Matrix D (MP Biomedicals) and pulsed at 6 m/s for 30 seconds in a FastPrep 24 (MP Biomedicals). RNA was extracted from 0.45 ml of the resulting homogenate using the manufacturer’s standard protocol, including the optional on-column DNase I digest (Qiagen), Total RNA integrity was assessed by capillary electrophoresis using an Agilent TapeStation; all samples used for library creation had RNA integrity numbers that exceeded 7.0.

Dual indexed TruSeq stranded mRNA libraries were prepared and sequenced using a NextSeq 550 high-output 75-bp single-end run (mean of 22.4x106 reads/sample). FastQ reads were trimmed using Trimmomatic (v 0.33) enabled with the optional “-q” option; 3bp sliding-window trimming from 3’ end requiring minimum Q30 (51). Quality control on raw sequence data for each sample was performed with FastQC. Read mapping was performed via Hisat2 (v2.1.0) using the “Cavpor3.0” genome (GCF_000151735.1) as reference (52). Gene quantification was done via Cuffquant for FPKM values and Feature Counts for raw read counts (53, 54). Differentially expressed genes were identified using the edgeR (negative binomial) feature in CLCGWB (Qiagen) using raw read counts (55). The generated list was filtered based on a minimum 2X Absolute Fold Change and False Discovery Rate corrected p < 0.05. Raw and processed RNA-Seq data have been deposited in NCBI’s Gene Expression Omnibus and are accessible through GEO Series accession number GSE169358 (56). Normalized gene expression data (FPKM) was uploaded to ClustVis for data visualization and heat map analysis (57). Gene Ontology (GO) analysis was performed by uploading a list of differentially expressed transcripts to g:Profiler (58). Results from this GO analysis were visualized using Cytoscape, Enrichment Map, ClusterMaker2, and WordCloud (59–63).



Real-Time Droplet Digital PCR Analyses

RNA was extracted from placenta as described above. A two-step reverse transcriptase ddPCR (RT-ddPCR) protocol was used to quantify transcript abundance (46). cDNA was synthesized from total RNA using the Maxima™ H Minus cDNA Synthesis Master Mix (ThermoFisher). PCR primers targeting guinea pig transcripts were designed using the Primer Quest tool and were ordered from Integrated DNA Technologies (Table S2). ddPCR reactions were prepared using the EvaGreen Digital PCR Supermix (Bio-Rad) using a primer concentration of 250 nM and cycled using the following thermal conditions: 95°C for 5 min; 40 cycles of 95°C for 30 s and 60°C for 30s; 4°C for 5 min; 90°C for 5 min; hold at 4°C. The ddPCR data were analyzed with QuantaSoft™ Analysis Pro software (Bio-Rad). Absolute quantification of gene expression was presented as copies per nanogram of total RNA.



In Situ Hybridization

5-μm sections of paraffin-embedded placenta were mounted onto Superfrost Plus slides (ThermoFisher). After air drying the tissue sections overnight, the slides were baked at 60°C for 1 hr. Tissue was deparaffinized and pretreated using the recommended protocol for RNAscope® 2.5 Assays (ACD Document #322452). For target retrieval, samples were incubated at 99°C for 15 minutes, and the slides were treated with RNAscope Protease Plus for 30 minutes. Slides were stained using either the RNAscope 2.5 HD Detection Reagent – RED (ACD Document # 322360-USM) or the RNAscope 2.5 HD Duplex Reagent (322500-USM) and the RNAscope Probe V-CavHV-2-gp3. Stained slides were scanned using a Huron TissueScope LE and the number of gp3+ foci and areas of gp3-staining were counted and calculated using NIS-Elements BR (Nikon).




Results


The Timing of Maternal GPCMV Infection Affects the Rate of Fetal Membrane Infection but Not Placental Viral Loads

To study how the timing of maternal GPCMV infection affects viral loads in the placenta, extraplacental membranes, and fetus, guinea pigs were time mated during postpartum estrus and infected at either 21 or 35 days gestation (dGA) (Figure 1). HCMV infection during the first trimester causes most cases of neurologic disability in congenitally infected children, and infecting guinea pigs at 21 dGA exposes the pup and placenta to virus during a comparable period of late embryonic/early fetal development (14–17, 65). GPCMV infection after mid-gestation has been found to often cause fetal growth restriction and/or stillbirth (42–44). As high rates of ischemic injury and virus-specific focal necrosis and inflammation had been reported 21 days after maternal infection at 30 dGA, we elected to infect animals at 35 dGA and analyze matched pups and placentas at 21 dpi, before expected still- or preterm birth, to identify mechanisms that could cause these adverse pregnancy outcomes (39).




Figure 1 | Summary of GPCMV infections in time mated guinea pigs. The ~65-day gestational period of guinea pigs is diagramed. Implantation occurs at 5-6 dGA and the embryonic period ends at 29 dGA. Reference Carnegie stages for guinea pig development are indicated (64). Five groups of GPCMV-infected and control guinea pigs were used in this study, including outbred Hartley guinea pigs and inbred strain 2 females that were bred to strain 13 males (producing semi-allogenic, hybrid pregnancies). Guinea pigs were infected either at 21 dGA (embryonic period) or at 35 dGA (fetal period). The number of GPCMV- and mock-infected dams for each group is shown. Figure created with BioRender.com.



Five groups of animals were used in this study. Three groups of Hartley guinea pigs were infected at 21 dGA and euthanized at either 14, 21, or 28 dpi. The remaining two groups were inbred strain 2 females bred with strain 13 males to create hybrid pregnancies (2X13) and were infected with GPCMV at either at 21 or 35 dGA and euthanized at 21 dpi (66). This study compared GPCMV pathogenesis between the outbred and inbred guinea pigs and examined the effect of maternal infection at the two different times on the placenta. Most prior GPCMV research has been done in Hartley guinea pigs, and the few studies that compared GPCMV infection between inbred and outbred guinea pigs have yielded conflicting results as to whether strain 2 or strain 13 animals are more susceptible to infection than Hartley guinea pigs (67–69).

Guinea pigs were infected with 2X105 PFU of GPCMV or mock-infected by subcutaneous injection. While Hartley dams were on-average larger than strain 2 females, no differences in maternal weight gain were noted between GPCMV-infected and control dams (Figure S1). Maternal blood and serum were collected weekly until each animal’s predetermined endpoint. GPCMV viral load was quantified using a droplet digital PCR (ddPCR) assay targeting GP54 (46). When maternal viremia at 7 dpi and viral loads in spleen were quantified, infection was confirmed in all dams and no significant differences were noted between the five groups (Table S1 and Figure S2A).

The placentas from the two groups of guinea pigs that were infected at 21 dGA and euthanized at 21 dpi were compared, and significantly higher viral loads were detected in the strain 2X13 placentas than in their Hartley counterparts (Mann–Whitney U test, P<0.0001) (Figure 2A). No other significant differences in placental viral load were noted in the remaining groups. When viral loads were assessed in the extraplacental membranes, GPCMV was detected in both the amnion and visceral yolk sac (Table 1 and Figure S2B) (46). A significant correlation (Pearson r=0.5056, p<0.001) in GPCMV viral loads was observed in the amnion and yolk sac of individual fetuses (Figure 2B). The highest frequencies of fetal membrane infection and the highest viral loads in the membranes were observed in the dams infected at 35 dGA. GPCMV was only detected in a handful of amniotic fluid samples collected from guinea pigs infected at 35 dGA, consistent with previous observations that GPCMV generally does not accumulate in amniotic fluid (43, 46, 69).




Figure 2 | GPCMV viral loads after maternal infection during pregnancy. Time mated guinea pigs were infected at either 21 or 35 dGA with 2X105 PFU of GPCMV and euthanized 14, 21, or 28 days later. DNA was extracted from tissues and GPCMV viral loads were determined using a ddPCR assay specific to GP54. The limit of detection for this assay is indicated by the dashed line. (A) Viral load in placentas. Significantly higher viral loads (Mann-Whitney test, **** p < 0.0001) were observed in the placentas of strain 2X13 hybrids than in the placentas of Hartley guinea pigs. (B) Viral loads in infected fetal membranes. The number of GPCMV genome copies detected in the amnion and visceral yolk sac of individual fetuses was significantly correlated (Pearson r=0.5056, p < 0.001).




Table 1 | Summary of GPCMV viral load data.



Fetal infection was assayed by quantifying viral loads in the brain. GPCMV was most often detected at 14 dpi and occasionally at later times post-infection. As the brain is less frequently infected by GPCMV than other fetal tissues, these results may underreport the actual rate of congenital GPCMV infection in this experiment and/or indicate that fetal infections resolved in utero (42, 43). The fetuses of GPCMV infected dams trended smaller than their mock-infected counterparts in most cases (Table S1 and Figure S2C). However, due in part to unexpectedly large variation in litter sizes, this study was underpowered to determine whether GPCMV caused fetal growth restriction. Guinea pigs bred during postpartum estrus had significantly larger litters than expected, including many large litters of 6-8 pups, and fetal weights correlate with litter size after mid-gestation (37).

To summarize, our animal studies found that maternal infection at 35 dGA resulted in higher rates of fetal membrane infection and higher viral loads in the amnion and yolk sac than infection at 21 dGA. However, neither the timing of maternal infection nor the experimental endpoint had a significant effect on placental viral load. Higher viral loads were noted in placentas from our strain 2X13 hybrid pregnancies when compared to Hartley guinea pigs, but there was no other evidence that indicated that infection was more severe in the inbred animals. Presuming that there would be minimal animal-to-animal variation in the placental response to infection in guinea pigs with a consistent maternal and fetal genetic background, we focused on the strain 2X13 animals in our subsequent analysis of the effect of infection on placental function.



GPCMV Infection After Mid-Gestation Significantly Alters Placental Gene Expression

Having found that the timing of maternal GPCMV infection did not affect placental viral loads, we next compared how infection at our earlier and later time point affected placental gene expression. For this analysis, placentas were randomly selected from inbred guinea pigs that had been GPCMV- or mock-infected either at 21 or 35 dGA and euthanized at 21 dpi. RNA was extracted from four placentas from four GPCMV-infected dams and four placentas from three control dams per group and sequenced (Table S1). A principal component analysis of RNA-Seq data revealed that the samples clustered based upon the gestational age of placenta (Figure 3A). GPCMV- infected and control placenta from the early infection groups clustered tightly, while there was clear separation between GPCMV- and mock-infected samples after maternal infection at 35 dGA. Pairwise gene expression comparisons between age-matched groups of GPCMV and mock-infected tissues affirmed these findings. GPCMV infection at 21 dGA had a limited effect on placental gene expression at 21 dpi: only 8 transcripts were differentially regulated (≥2 fold, p < 0.05). In contrast, maternal infection at 35 dGA resulted in the differential regulation of 126 transcripts (≥2 fold, p < 0.05) at 21 dpi. A gene set enrichment analysis was performed on the transcripts that were differentially expressed after GPCMV infection late in pregnancy (58). This analysis found that several gene ontology terms related to the immune response (including GO:0002376, immune system process) were significantly enriched after GPCMV infection at 35 dGA (Figure S3A).




Figure 3 | Transcriptome profiling of GPCMV-infected placenta. Time mated guinea pigs were GPCMV- or mock-infected at 21 or 35 dGA and euthanized 21 days later. RNA was extracted from placentas (N=4/group) and gene expression was quantified by Illumina RNA-Seq. (A) Principal component analysis illustrating the similarity in gene expression between samples. (B) Heat map illustrating the relative expression of transcripts that function as part of an immune system processes (GO:0002376) that were differentially expressed in placenta either during normal development or after GPCMV infection. Transcripts that were also analyzed by RT-ddPCR are shown in bold.



In a pairwise gene expression analysis that compared the two groups of mock-infected placentas, the gestational age of placentas was found to have a much more significant effect on gene expression than GPCMV infection: 1438 transcripts were differentially regulated (≥2 fold, p < 0.05) between the two groups of control tissue. Gene ontogeny analysis found numerous terms related to the regulation of the mitotic cell, signaling receptor activity, and condensed chromosome regions were enriched in this pairwise comparison (Figure S3B). Many of the gene expression differences between normal placenta from 42 and 56 dGA appear to be related to the relatively higher expression of transcripts involved in cell division and the cell cycle by the younger tissue. While transcripts that function as part of an immune system process were not found to be significantly enriched in our comparison of normal placentas, 116 transcripts related to the immune response were differentially expressed between the two groups (Figure 3B, Table S3). We hypothesize that these normal changes in placental immunity may cause GPCMV infection after mid-gestation to significantly affect placental gene expression.

As only four samples of placenta per group were analyzed by RNA-seq, sample-to-sample variation in gene expression could be caused either by regional differences in transcription in the relatively large guinea pig placenta or represent the unique responses of individual fetuses to GPCMV infection. To better elucidate host factors that regulate the placenta’s response to GPCMV, we used reverse transcriptase droplet digital PCR (RT-ddPCR) to measure the expression of select transcripts that function as part of the inflammatory response in additional placenta samples. For this experiment, RNA was extracted from two placentas per dam (including the samples that had been previously analyzed by RNA-Seq). RT-ddPCR confirmed that four genes– Cxcl10, Ido1, Tgtp1, and Tlr8–were significantly upregulated after maternal infection at 35 dGA when compared to age-matched control placentas (Figure 4). This analysis also found that Cxcl10 and Ido1 are normally downregulated as the guinea pig placenta matures and that GPCMV infection at 21 dGA leads to decreased Ido1 expression relative to age-matched normal placenta. RT-ddPCR analysis did not support the RNA-Seq finding that several other inflammatory mediators—Ccl5, Ccl15-l, Cxcl8, Il1b, and Il36b-l—were differentially regulated by maternal GPCMV infection at 35 dGA (Figure S4). In the case of Cxcl8 and Il1b, high levels of cytokine transcription were noted in the placenta of a dam that had been euthanized while delivering stillborn pups at 56 dGA (these placentas are represented as open circles in Figures 3, 4, and Figure S4). The elevated transcription of these cytokines may not be specific to GPCMV infection and instead be inflammatory markers of preterm labor or in utero fetal demise (70, 71). Cumulatively, our gene expression analyses of GPCMV-infected placenta suggest that the immune response is dysregulated by GPCMV infection after mid-gestation but not after infection earlier in pregnancy.




Figure 4 | GPCMV infection dysregulates immune gene transcription. A two-step RT-ddPCR protocol was used to quantify the expression of select transcripts in GPCMV- (G) and mock-infected (M) placentas after maternal infection at either 21 or 35 dGA. Data from two placentas per dam is shown. Statistically significant differences were calculated by Mann-Whitney test (*p < 0.05, **p < 0.01, ***p < 0.001).





The Junctional Zone Becomes Infected by GPCMV After Maternal Infection After Mid-Gestation

Finally, we compared the frequency and localization of GPCMV-infected cells in the placenta using in situ hybridization. For this study, we designed an RNAscope probe specific to the GPCMV transcript gp3. RNA-Seq analysis had revealed that gp3 is highly expressed during all phases of GPCMV replication (Figure S5) (46). gp3+ foci, each representing either an individual infected cell or a group of infected cells, were manually counted in stained placenta sections (Figure 5). A small number of gp3+ foci were observed in the interlobium and labyrinth of all GPCMV-infected placenta (Figure 5C). When the placentas of dams infected at 21 and 35 dGA were compared, significantly more GPCMV infected cells were noted in the margin of placentas, including either the parietal yolk sac or marginal syncytium, after infection at the later time. Large areas of gp3+ cells were detected in the junctional zone in eight of ten of the placentas from the late infection group (Figures 5A, B, D). These large areas of GPCMV-infected cells were often adjacent to either the subplacenta or large blood vessels and were never detected after maternal infection at 21 dGA. Whether GPCMV infection of the junctional zone reflects the recruitment of infected cells to the placenta late in pregnancy or if there is a cell type in this region that becomes permissive to GPCMV infection as the placenta matures remains to be determined.




Figure 5 | GPCMV localization in infected placenta. An RNAscope probe specific to GPCMV gp3 was used to detect infected cells in sections of placenta by in situ hybridization. (A) A representative section of a placenta from a dam infected at 35 dGA, illustrating large areas of GPCMV infected cells in the junctional zone and decidua (red, indicated by arrows). (B) High-magnification image of infected cells in the junctional zone (*). (C) gp3+ puncta, representing individual infected cells or small groups of infected cells, were counted based on their localization in the placenta after maternal infection at 21 or 35 dGA and collection at 21 dpi. (D) The measured area of gp3+ stained cells in the junctional zone of placentas is shown.






Discussion

The timing of HCMV infection during pregnancy is a determinant of fetal outcomes, yet how placental development affects the course and severity of cCMV remains poorly understood (25, 72). Using the GPCMV model, we assessed how the placenta and fetal membranes are differentially affected by maternal infection at two times: 21 and 35 dGA. Prior research has found that GPCMV infection early in pregnancy can resolve prenatally while infection after mid-gestation often causes stillbirth and fetal growth restriction (42–44). Our study identified several possible explanations for these adverse pregnancy outcomes, including an increased rate of fetal membrane and junctional zone infection late in gestation and a transcriptional response to GPCMV that may indicate that placental immunopathology only occurs after maternal infection at later times in pregnancy.

This study found that GPCMV infects both the amnion and the yolk sack, that viral loads in the two membranes are correlated, and that the highest rates of infection and viral loads in the membranes occur after maternal infection late in pregnancy (46). While GPCMV joins HCMV on a short list of viruses that have been observed to infect the fetal membranes, it remains unclear whether or how viral infections of the fetal membrane affect the fetus (24, 73). In contrast, ascending bacterial infections, a significant cause of preterm labor, have a much better understood effect on fetal membrane physiology. Bacterial infection, treatment with inflammatory cytokines, or exposure to pathogen-associated molecular patterns can all trigger preterm labor in animal models and/or cause fetal membrane explants to biomechanically weaken ex vivo (71, 74–76). Several studies have suggested that viral infection may sensitize the fetal membranes to later damage from bacteria (77–79). It has also been hypothesized that fetal membrane infection may allow viruses to circumvent the potent antiviral defense of the placenta to infect the fetus (80). In this paraplacental route of infection, viruses that infect the chorioamnion may be shed into amniotic fluid and infect the fetus. Given that this study’s primary focus was on the effect of infection on the placenta, future experiments that specifically analyze the effect of GPCMV on the fetal membranes are merited.

Developmentally programmed changes in maternal, placental, and fetal immunity are critical for healthy pregnancy, helping to establish and maintain maternal-fetal tolerance, remodel the uterus, and regulate parturition (30, 71). Alterations in maternal immunity can increase the severity of viral infections late in pregnancy (81). Severe, third-trimester infections caused by viruses such as influenza and hepatitis E can cause fetal injury or demise. High rates of maternal demise have been reported in some GPCMV infection studies (38, 82). However, HCMV infections are typically mild and there is no evidence that the virus causes more severe illness in pregnant individuals (83). We found that the timing of maternal GPCMV infection did not significantly affect maternal, placental, or fetal viral loads, and severe illness was not noted in dams that had been infected at the later time. Having eliminated severe maternal illnesses as a cause of adverse pregnancy outcomes in our experiments, the remainder of this study focused on the placental response to GPCMV infection.

Prior work in placental cells and explants has found that gestational age affects how permissive the cells or tissue are to viral infection and the nature of the inflammatory response that is triggered by infection (84, 85). Our study found that maternal infection at 35 dGA significantly altered placental gene expression while infection at 21 dGA had remarkably little effect on placental gene expression. Infection after mid-gestation upregulated numerous transcripts that function as part of an immune system process. Two transcripts that are dysregulated by placental GPCMV infection, Cxcl10 and Ido1, are particularly relevant to the pathogenesis of cCMV. CXCL10, a biomarker of VUE, chronic chorioamnionitis, and late preterm birth, is found at elevated concentrations in amniotic fluid and maternal sera during cCMV (31, 86–89). Curiously, while the concentration of CXCL10 in amniotic fluid correlates with CMV genome abundance, the chemokine does not appear to accumulate in amniotic fluid when other viruses cause intrauterine infections (32). We and others have found that CXCL10 transcription is upregulated when placental cells or tissue are infected with HCMV or GPCMV in vitro (46, 84, 85). Indoleamine-2,3-dioxygenase (IDO) is an enzyme that is encoded by two genes, IDO1 and IDO2, that catalyze the rate-limiting step in tryptophan catabolism. IDO production by the placenta and the subsequent metabolism of tryptophan prevents the rejection of the allogeneic fetus by suppressing T cell proliferation and activity (90). IDO is more highly expressed by the human placenta during the first-trimester than at term and HCMV infection suppressed IDO expression in early placenta (91). While our gene expression analysis was limited to a single time point post-infection, GPCMV may cause placental immunopathology but only after maternal infection relatively late in pregnancy.

In an analysis of placental pathology after GPCMV infection, pregnant Hartley guinea pigs were inoculated with GPCMV at 30 dGA. Infection caused ischemic injury and necrosis associated with acute or chronic inflammation beginning at 14 dpi and GPCMV-specific antigens and viral particles were most frequently observed at 28 dpi in the marginal and interlobar transitional zones of the main placenta (39). We used in situ hybridization to compare the localization of GPCMV in the placenta 21 days after infection at 21 or 35 dGA. Like Griffith and colleagues, we detected occasional infected cells in the main placenta after infection at either time. However, the most consistent pattern of infection and largest lesions localized to the junctional zone, which is situated between the main placenta and the maternal decidua. These lesions were only found after infection at 35 dGA and may indicate that a ring of GPCMV-sensitive cells develop at the base of the placenta as term approaches. Given how frequently we detected this pattern of junctional zone infection, we were surprised it had not been previously reported. However, because our RNAscope assay targets a viral transcript (gp3) that is highly expressed during all phases of GPCMV’s replication, in situ hybridization may be more sensitive than electron microscopy or immunohistochemistry for detecting GPCMV infected cells.

Cumulatively, our data suggests the placenta becomes more sensitized to GPCMV infection-associated injury late in gestation either due to a potentially pathogenic immune response or by the fetal membranes and junctional zone becoming more permissive to infection. Numerous questions remain. Because GPCMV-associated lesions had previously been reported exclusively in the main placenta, we extracted DNA and RNA for viral load quantification and gene expression analyses from this tissue (37, 39). A more nuanced analysis that compares the rate of GPCMV infection and the immune response in the decidua, junctional zone, and main placenta is justified. Our study did not investigate the effects of infection during the earliest stages of pregnancy. One report has noted that maternal GPCMV infection immediately prior to conception caused high rates of fetal demise, suggesting that the virus may perturb early placental development and function (40). Due to the limited availability of normal tissue between twenty weeks gestation and term, how viral infection effects the function of the human placenta after mid-gestation remains poorly characterized. Given similarities in the placental response of humans and guinea pigs to CMV infection and that comparative gene expression analyses suggest that murine placental development largely parallels the first half of human pregnancy, guinea pigs may be particularly well suited to model intrauterine infection after mid-gestation (92).
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Antibody-dependent enhancement (ADE) is a phenomenon that occurs when cross-reactive antibodies generated from a previous flaviviral infection increase the pathogenesis of a related virus. Zika virus (ZIKV) is the most recent flavivirus introduced to the Western Hemisphere and has become a significant public health threat due to the unanticipated impact on the developing fetus. West Nile virus (WNV) is the primary flavivirus that circulates in North America, and we and others have shown that antibodies against WNV are cross-reactive to ZIKV. Thus, there is concern that WNV immunity could increase the risk of severe ZIKV infection, particularly during pregnancy. In this study, we examined the extent to which WNV antibodies could impact ZIKV pathogenesis in a murine pregnancy model. To test this, we passively transferred WNV antibodies into pregnant Stat2-/- mice on E6.5 prior to infection with ZIKV. Evaluation of pregnant dams showed weight loss following ZIKV infection; however, no differences in maternal weights or viral loads in the maternal brain, spleen, or spinal cord were observed in the presence of WNV antibodies. Resorption rates, and other fetal parameters, including fetal and placental size, were similarly unaffected. Further, the presence of WNV antibodies did not significantly alter the viral load or the inflammatory response in the placenta or the fetus in response to ZIKV. Our data suggest that pre-existing WNV immunity may not significantly impact the pathogenesis of ZIKV infection during pregnancy. Our findings are promising for the safety of implementing WNV vaccines in the continental US.
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Introduction

Antibody-dependent enhancement (ADE) is a phenomenon by which antibodies elicited from a previous infection facilitate viral entry into a susceptible cell through the engagement of Fc gamma receptors (FcɣRs) (1, 2). The most established example of ADE in humans occurs between the four serotypes of dengue virus (DENV), a mosquito-transmitted flavivirus that is estimated to cause ~390 million infections annually around the globe (3, 4). Studies show that while primary infections with DENV are typically mild, secondary infections with a heterotypic DENV serotype are more frequently severe, with increased incidence of dengue hemorrhagic fever (DHF) and dengue shock syndrome (DSS) (5, 6). ADE between the DENV serotypes is poised to occur due to the unique degree of cross-reactivity between the antigenic envelope proteins, and the fact that the four serotypes co-circulate (7–12). While high concentrations of cross-reactive antibodies may offer protection in the short term, these same antibodies can promote pathogenesis through ADE if secondary infection occurs during a time when the concentration of antibodies falls below the neutralization threshold (13, 14). Observing ADE in human populations is difficult and requires prospective studies in flavivirus endemic areas (15). In the case of dengue, while the phenomenon of severe secondary infections has been observed for decades, the correlation between antibody titers and severe disease was only directly demonstrated recently (16). A major question in the field that remains is whether this occurs with other flaviviruses in humans. In the absence of human data, in vitro and in vivo models can offer clues into this possibility. The data generated by such studies hold broad implications for the development of any flavivirus vaccine (17).

In 2016, Zika virus (ZIKV), a flavivirus closely related to DENV, received global attention after it was found to be the cause of a large outbreak that started in Brazil and spread to nearly every South and Central American country. While ZIKV has historically been associated with mild disease, this recent outbreak was much more severe (18–23). The most concerning disease outcomes were observed in pregnant women, where the virus impacted the developing fetus, resulting in spontaneous abortions and fetal abnormalities such as microcephaly (24). Based on confirmed ZIKV infections, the CDC estimates that 10% of pregnancies resulted in some form of fetal abnormality; this number increased to 15% when evaluating infections that occured during the first trimester (22, 25). Additionally, two recent studies showed that children that were exposed to ZIKV in utero were at greater risk of developing neurological deficits and developmental delays in their early years of life despite no overt signs of ZIKV-related damage at birth (26, 27). It remains unclear what factors may have led to the increased pathogenesis of ZIKV in the most recent outbreaks, but one possibility is the involvement of ADE. Given that antibodies against DENV can both bind to and enhance ZIKV in vitro and in vivo, and since DENV is endemic in ZIKV outbreak regions, pre-existing immunity to DENV could have been a contributing factor to the severity of the recent ZIKV outbreak (28–35). We have previously reported that passive transfer of DENV reactive antibodies can potently enhance ZIKV infection in pregnant mice. Enhanced infection resulted in heightened maternal weight loss, fetal developmental delays, damage to the developing placenta, and finally increased resorption. We further showed the dependency on antibodies as this process was maintained with purified DENV reactive IgG and reversed with FcɣR blocking (32).

In the United States, DENV does not regularly circulate as it does in South and Central America. However, West Nile virus (WNV), another closely related flavivirus, causes annual outbreaks of neurological disease, primarily meningitis, encephalitis, and acute flaccid paralysis (36). WNV is estimated to have infected at least 7 million people since its introduction into the Western Hemisphere in 1999 (37, 38). There is a great need for a WNV vaccine for human use, and should one be approved, WNV seropositivity would increase significantly. This is concerning because we and others have demonstrated that antibodies elicited by WNV are cross-reactive to ZIKV, suggesting that preexisting WNV immunity has the potential to impact ZIKV pathogenesis (31, 39, 40). In fact, during the 2016 outbreak, mosquito transmission of ZIKV occurred in both Texas and Florida, demonstrating the potential for ZIKV to expand into WNV-endemic areas (41). This risk is expected to increase as global temperatures rise (42). In this manuscript, we seek to understand the extent to which pre-existing WNV immunity impacts ZIKV outcomes during pregnancy using a Stat2-/- mouse model of ZIKV ADE.



Materials and Methods


Generation of Human Immune Plasma

WNV-infected blood donors were identified through screening 52,355,427 blood donations in the United States between August 2003-December 2011. Initial screening was conducted through WNV nucleic acid testing (NAT). Blood donors were identified as WNV-infected if the initial WNV NAT was reactive, repeat WNV NAT was also reactive, and WNV-specific IgM and/or IgG antibody testing results were positive on the initial blood donation or upon follow up testing. Testing for WNV antibodies was conducted by Abbott Laboratories (2003-2004; Abbott Park IL) or Focus Diagnostics (2003-2011; San Juan Capistrano CA). We received plasma from 471 WNV-infected blood donors that met these criteria. Among these, we included only those samples where positive reactivity for WNV-specific IgG on the index sample was documented (n = 146). DENV-immune plasma samples were collected as previously described (31). Random blood donor plasma samples (n = 54) that were negative for all infectious pathogens were used as negative controls. All plasma samples were individually tested for reactivity to ZIKV E protein by ELISA as previously described (31). 15 individual donors with the highest reactivity to ZIKV E protein from the DENV or WNV cohorts were pooled and used for these experiments. All control plasma failed to react to ZIKV E protein, and 15 random donors were pooled and used for the CTRL-immune plasma condition.



Neutralization Assays

Neutralization titers were determined by co-incubating serially diluted, heat-inactivated pooled immune plasma with 10 50% tissue culture infectious doses (TCID50) of WNV Kunjin isolate (CH16532), DENV-1 (BC89/94), or ZIKV (PRVABC-59) in DMEM with 2% FBS. After shaking at room temperature for 1 hour, the virus-antibody mixture was added to a monolayer of Vero cells in 96 well format. Following a two-day incubation at 37°C, cells were detached from the plate using trypsin/EDTA, fixed with 4% PFA, permeabilized with PBS containing 0.2% BSA and 0.05% saponin, and stained with 4G2 antibody (1 µg/ml) for 1 hour at room temperature. After washing, cells were incubated with goat anti-mouse IgG conjugated to phycoerythrin (1µg/ml, Invitrogen) for 1 hour at room temperature. The percentage of infected cells was determined by flow cytometry using a FACS Caliber and analyzed using FlowJo2 software version 10.1.r7. The 50% inhibitory doses (IC50) of each plasma pool was calculated by using the four-parameter logarithmic regression in GraphPad Prism.



In Vitro Antibody-Dependent Enhancement of ZIKV Infection

Antibody-dependent enhancement of ZIKV infection was measured using a flow cytometry-based assay. Briefly, serial dilutions of either non-reactive (CTRL), DENV-immune or WNV-immune human plasma were pre-incubated with ZIKV strain PRVABC-59 at an MOI of 1 for 1 hour at 37°C. Immune complexes were then co-incubated with K562 cells (5 x 104) in 96 well U-bottom plates in RPMI 1640 media supplemented with 10% FBS, 2 mM L-glutamine, 10 μg/ml penicillin, and 10μg/ml streptomycin. After incubation for 48 hours at 37°C, cells were fixed with 4% PFA, permeabilized with PBS containing 0.2% BSA and 0.05% saponin, and stained with 4G2 antibody (1 µg/ml) for 1 hour at room temperature. After washing, cells were incubated with goat anti-mouse IgG conjugated to phycoerythrin (1µg/ml, Invitrogen) for 1hr at room temperature. The percentage of infected cells was determined by flow cytometry using a FACS Caliber and analyzed using FlowJo2 software version 10.1.r7. The data were then fit to a Gaussian distribution utilizing the non-linear regression functionality of GraphPad Prism, and the enhancing concentration at which 50% of maximum enhancement was reached (EC50) was determined utilizing the Gaussian fit.



ZIKV Infection of Stat2-/- Mice

Mouse studies were carried out in an animal Biosafety Level 2+ facility under a protocol approved by the Icahn School of Medicine at Mount Sinai Animal Care and Use Committee. Breeding pairs were formed using Stat2-/- mice (provided by Christian Schindler; 8-10 week old nulliparous females and >8 week old non-virgin males). Females were then separated after plugs were detected (defined as E0.5) and infected at E6.5. Pregnant Stat2-/- mice were injected intraperitoneally with 20 µl of CTRL-, WNV- or DENV- immune plasma two hours prior to intradermal infection with 5x103 PFU ZIKV (strain PRVABC-59, GenBank: KU501215.1). ZIKV was obtained originally from the CDC, passaged once in Vero cells, and sequence verified. Mice were monitored daily for weight loss. Fetal and maternal tissues were harvested at E13.5 for analysis.



ZIKV Quantification

Total RNA was isolated from tissue homogenates using Direct-zol RNA MiniPrep Plus (Zymo Research) according to manufacturer’s protocol, and 1 μg of RNA was reverse transcribed into cDNA using the High Capacity Reverse Transcription Kit (Applied Biosciences) with random hexamer primers. The following ZIKV-specific primers (5′-TTGGTCATGATACTGCTGATTGC-3′ and 5′-CCYTCCACRAAGTCYCTATTGC-3′) were used for qRT-PCR (43), and detection of amplification was determined via PerfeCTa SYBR Green fast mix (Quanta) following the manufacturer’s protocol. PCR amplification was conducted in 384-well format using the Roche LightCycler 480 System. RNA quantification was determined by fitting to an in vitro-transcribed RNA standard.



Cytokine and Chemokine Protein Quantification

Tissue homogenates were evaluated for 23 cytokines/chemokines by multiplexed ELISA for the following analytes: IL-17A, IL-22, IL-10, IL-2, IL-4, IFNγ, IL-21, TNFα, IL-5, IL-6, Cxcl16, Ccl4/MIP-1β, Ccl3/MIP-1α, IL-12(p70), Ccl11, IL-1β, Cxcl1/GROα, Cxcl2/GROβ, Ccl5/RANTES, Ccl7/MCP-3, Ccl2/MCP-1, Ccl12, and Cxcl10/IP-10 as previously described (44). Samples were analyzed on a Luminex MAGPIX platform. For each bead region, >50 beads were collected per analyte. The median fluorescence intensity was recorded and used to extrapolate pg/ml based on a 5P regression fitting of a standard curve of each analyte. Heat maps for median fold induction were generated in R by logarithmic base 2 transformation of the median cytokine level in the ZIKV-infected conditions divided by the median cytokine level of uninfected controls. Hierarchical clustering was performed using the hclust function in R, which stratifies based on Euclidean distance.



Histological and Tissue Analysis

Tissues were fixed in 10% neutral-buffered formalin before embedding into paraffin and cutting into 5 μm sections. Deparaffinization and antigen retrieval was performed as previously described (31). Slides were stained with hematoxylin (Gill’s formula, Vector Laboratories H3401) and eosin Y (Sigma Aldrich E4009) according to manufacturer’s instructions. For vimentin staining, slides were blocked in Tris-buffered saline containing 0.01% Tween-20 (TBST) and 2.5% normal goat serum for 40 minutes at room temperature. After washing, slides were incubated with rabbit monoclonal anti-vimentin antibody (1:1000, clone EPR3776, Abcam) for 1 hour at 4°C, then washed and incubated with goat anti-rabbit Alexa Fluor 488 before mounting with Vectashield hard-set mounting medium with DAPI (Vector Laboratories). Full-slice images were taken with an AxioImager Z2 microscope (Zeiss) and Zen 2012 software.

In situ hybridization using RNAscope® (ACDBio) was performed on 5 μm paraffin-embedded sections. Slides were baked at 55°C for twenty minutes for deparaffinization. Slides were then washed twice with xylene, twice in ethanol, and dried at 60°C. Slides were then incubated with hydrogen peroxide for 10 minutes at RT, and then rinsed in diH2O. Antigen retrieval was performed as per the manufacturer’s guidelines, and slides were washed with water, transferred into 100% ethanol for three minutes and air dried. Sections were treated with RNAscope Protease Plus at 40°C for 30 minutes and washed with diH2O. Fluorescence in situ hybridization was subsequently performed according to the manufacturer’s protocol (ACD# 323110) with RNAscope Probe V-ZIKVsph2015 (ACD #467871; binds sense RNA) as previously described (Cao et al., 2017). Slides were mounted with Vectashield hard-set mounting medium with DAPI (Vector Laboratories). Full-slice images were taken with an AxioImager Z2 microscope (Zeiss) and Zen 2012 software. Images were rendered in FIJI for final visualization.



Quantification and Statistical Analysis

For all statistical significance indications in this manuscript, **** indicates a p-value ≤ 0.0001, *** indicates a p-value ≤ 0.001, ** indicates a p-value ≤ 0.01, and * indicates a p-value ≤ 0.05. NS indicates non significance. All sample sizes, replicate numbers, statistical tests and significance can be found in the figures and figure legends of this manuscript. Graphical representations were rendered in GraphPad Prism 8.0.1.




Results


In Vitro Characterization of WNV Antibodies Elicited Through Natural Infection

To study how WNV antibodies could impact ZIKV pathogenesis, we utilized a cohort of individuals that were naturally infected with WNV identified through routine screening of the blood supply in the United States (31). To confirm antibody reactivity to WNV, we conducted a neutralization assay using the Kunjin isolate of WNV (WNVKUN), which is 97.7% identical at the amino acid level to the NY99 strain that was introduced to the US (45). In brief, plasma from 15 WNV-seropositive blood donors were pooled and tested for the ability to neutralize WNVKUN using a flow-cytometry based microneutralization assay. Compared to plasma from geographically-matched WNV-uninfected control (CTRL) individuals, immune plasma from WNV-infected individuals showed a strong capacity to neutralize WNV (IC50 = 1:5,770), while the CTRL plasma showed no activity (Figure 1A). Given that WNV antibodies have previously been shown to cross-react with ZIKV, we next sought to assess the ability of WNV immune plasma to neutralize and enhance ZIKV (31, 40). For comparison, we used DENV immune plasma, which is known to neutralize and enhance ZIKV both in vitro and in vivo (31–34). To directly compare WNV plasma potential with DENV immune plasma, we first needed to characterize the neutralization capacity of our DENV plasma against DENV. As shown in Figure 1A, DENV plasma potently neutralizes DENV-1, while non-reactive CTRL plasma is incapable. Indeed, the neutralization potential of DENV plasma against DENV-1 (IC50 = 1:10,021) is comparable to that of WNV plasma to neutralize WNV. Therefore, any differences in the potential to neutralize and enhance ZIKV are a result of antigenic cross-reactivity, and not of differing concentrations of virus-specific antibodies. We next conducted neutralization assays against ZIKV, utilizing our CTRL, WNV, and DENV plasma. Consistent with the relative antigenic distance from ZIKV, DENV immune plasma showed ~10-fold increased capacity to neutralize ZIKV (IC50 = 1:4,320) compared to WNV immune plasma (Figure 1B) (46, 47).




Figure 1 | Neutralization and enhancement potential of WNV immune plasma. (A) The capacity of plasma from WNV-infected individuals to neutralize WNV (Kunjin isolate) was compared to the capacity of plasma from DENV-infected individuals to neutralize DENV (serotype 1) in Vero cells. Non-reactive CTRL plasma was used as a negative control for each. Neutralization is represented by the percent reduction in infection compared to virus alone. (B) Neutralization of ZIKV (strain PRVABC-59) by WNV, DENV, and CTRL immune plasma in Vero cells is shown. (C) Enhancement of ZIKV by WNV, DENV, and CTRL immune plasma was tested in K562 cells. Enhancement was determined based on percent infection over the virus alone condition. All assays were completed in technical triplicate.



Having shown the neutralizing potential of the WNV and DENV plasma against ZIKV, we next asked to what extent these samples could enhance ZIKV. WNV, DENV or CTRL plasma were serially-diluted and co-incubated with ZIKV. These virus-antibody complexes were then used to infect K562 cell, which are only susceptible to ZIKV infection through antibody-mediated entry (48). After 2 days, we evaluated infection using flow cytometry to determine fold enhancement in the presence of varying concentrations of antibodies. Enhancement potential was quantified by fitting data to a Gaussian curve, and calculating the enhancing concentration at which 50% of maximum enhancement was achieved (EC50). While WNV antibodies could enhance infection (EC50 = 390), DENV antibodies were more potent (EC50 = 3,470), showing ~10 fold increase in potency relative to WNV (Figure 1C). Together, these results demonstrate that WNV antibodies can modulate ZIKV infection in vitro, but to a lesser extent compared to DENV antibodies.



Impact of WNV Antibodies on the Pathogenesis of ZIKV in Pregnant Mice

Given that WNV antibodies can both bind and enhance ZIKV in vitro, we next evaluated how WNV antibodies could alter the course of ZIKV disease during pregnancy. To do this, we utilized  ZIKV-infected pregnant Stat2-/- mice, a model we have previously employed to evaluate the enhancement of ZIKV infection in the presence of DENV antibodies (32). Pregnant Stat2-/- mice were infected on E6.5 with 5,000 PFU of the PRVABC-59 strain of ZIKV, a clinical strain from the 2015 outbreak in Puerto Rico. Two hours prior to infection, mice were injected intraperitoneally with either WNV-immune plasma, DENV-immune plasma or CTRL plasma. Uninfected control mice were also treated with either WNV (n = 2) or CTRL (n = 2) plasma. No differences were observed for maternal weights or any fetal parameters between the uninfected groups (Figure S1) and thus were combined into a single group. Maternal weights were monitored through E13.5, at which point maternal organs and uterine horns were evaluated. We found that while all ZIKV-infected mice lost weight over the course of pregnancy compared to uninfected mice, no significant differences were observed in the presence or absence of WNV antibodies (Figure 2A). Pregnant mice that received DENV plasma prior to infection steadily lost weight over the course of pregnancy, consistent with our previous findings (32). Evaluation of viremia revealed a significant increase in mice that received DENV plasma at 3 days post infection, but not in mice that received WNV plasma, compared to CTRL (Figure 2B). However, viral loads in maternal brains, spleens, and spinal cords revealed no significant differences in the presence of WNV antibodies or DENV antibodies by qRT-PCR (Figures 2C–E). While the presence of DENV antibodies in ZIKV-infected mice elevated the broad inflammatory response significantly, no striking differences existed between mice that received WNV antibodies or CTRL (Figure 2F).




Figure 2 | Impact of WNV antibodies on ZIKV infected dams. ZIKV-infected Stat2-/- dams that received 20μl of either CTRL (n=4), WNV (n=5) or DENV (n=3) plasma were compared to uninfected dams that also received WNV or CTRL plasma (n=4; See Figure S1). (A) Maternal weights between infection at E6.5 and tissue collection at E13.5 are shown as a percentage of starting weight at E6.5. Significance was determined by two-way ANOVA, and error bars represents SD. (B) Viremia was determined at 3 days post infection in ZIKV-infected dams by qRT-PCR. Mice included in this subfigure are from an unmatched cohort of CTRL (n=6), WNV (n=4), and DENV (n=6) mice. Viral loads in dams from (A) were determined in the maternal spleens (C), brains (D), and spinal cords (E) by qRT-PCR. For (C–E), dotted lines indicate the limit of detection, and mean values with SD are depicted with the overlaid bar plots. Significance was determined by Mann-Whitney U-test. (F) Tissue homogenates from brain, spleen and spinal cords from ZIKV-infected mice in (A) were evaluated for inflammatory markers by multiplex ELISA. Data are shown as a log2 transformed median fold induction over the median pg/ml expression in the uninfected condition. ns, not significant; **p < 0.01, ****p < 0.0001.





Impact of WNV Antibodies on ZIKV Induced Fetal Tissue Damage

We next investigated how the presence of WNV antibodies altered fetal outcomes during pregnancy in this model. We evaluated uterine horns and individual fetal-placental pairs for morphological differences upon infection to determine if the presence of WNV antibodies impacted ZIKV associated fetal damage (Figure 3A). Uterine horns from ZIKV infected dams, irrespective of plasma group, were darker in color and morphologically damaged compared to those from uninfected dams, with DENV plasma showing the most damage, CTRL plasma showing the least, and WNV plasma showing an intermediate phenotype. This observation was supported by quantifying the resorption rates between groups. Although the resorption rates among ZIKV-infected dams treated with WNV plasma revealed a trend towards an increase in resorption, this was not statistically significant compared to mice that received CTRL antibodies (p > 0.99; Figure 3B). This was in contrast to the mice that received DENV antibodies, where a significant increase in the resorption rate was observed (Figure 3B). We next evaluated fetuses and placentas for developmental defects compared to uninfected fetuses. Due to the high resorption rate, we were unable to include fetuses from dams that received the DENV antibodies in subsequent analyses and instead limited our comparisons to fetuses from pregnant dams that received WNV and CTRL antibodies. While fetuses from infected dams were significantly smaller than fetuses from uninfected dams, there were no significant differences in fetal size, fetal mass, placental length or placental mass between mice that received WNV plasma or CTRL plasma (Figures 3C–F).




Figure 3 | Impact of WNV antibodies on ZIKV-infected fetuses. Uterine horns were harvested and morphologically examined at E13.5 from ZIKV-infected or uninfected dams (A, top). Fetal and placental pairs were isolated from each harvested conceptus, and representative images are shown (A, bottom). The resorption rate across all pregnancies are represented by the proportion of resorbed and intact fetuses (B); uninfected mice (n=34), CTRL (n=36), WNV (n=41), and DENV (n=24). Significance between groups was determined by χ2 analysis. Intact fetuses and placentas were measured for fetal size (C) by multiplying the crown-to-rump length (CRL) by the occipital-frontal diameter (OFD), placental length (D), represented by diameter, fetal mass (E), and placental mass (F). Significance for (C–F) was determined by a one-way ANOVA, with a Kruskal-Wallis post-test for multiple comparisons between uninfected mice (n=32), CTRL (n=29) and WNV (n=24). Bar plot overlays for (C–F) depict mean and SD. Resorbed and partially resorbed fetuses were excluded from the analysis in (C–F). ns, not significant; *p < 0.05, **p < 0.01, ****p < 0.0001.



In our previous reports, we showed that much of the damage caused by cross-reactive DENV antibodies was the result of higher viral loads in the placenta, which led to greater inflammation and placental damage (32). Therefore, we next asked whether viral replication differed in the fetal tissue in the presence of WNV antibodies by qRT-PCR. While all placentas from infected mice had viral loads in the placentas, there were no differences in viral load in mice that received WNV antibodies compared to mice that received non-specific CTRL antibodies (Figure 4A). Evaluation of viral loads in the fetal heads showed the same trend, with no significant differences between the two groups (Figure 4B).




Figure 4 | Molecular characterization of ZIKV infection in the fetus and placenta. RNA was extracted from (A) placentas (CTRL n=22; WNV n=20) and (B) fetal heads (CTRL n=22; WNV= 19) to examine viral loads by qRT-PCR. Significance was determined by Mann-Whitney U-test, and the dashed lines represent the limit of detection. Overlaid bar plots depict mean and SD. (C) Tissue homogenates from placentas and fetal heads were evaluated for inflammatory markers by multiplex ELISA. Data are shown as a log2 transformed median fold induction over the median pg/ml expression in the uninfected condition. ns, not significant.



We also asked whether the presence of WNV antibodies could alter the inflammatory landscape in the placentas and fetal heads during ZIKV infection. We examined fetal and placental homogenates from mice that received either WNV or CTRL antibodies for chemokine and cytokine production by multiplex ELISA. Examination across 21 cytokines showed no significant differences in the inflammatory milieu in either the placentas or the fetal heads obtained from ZIKV-infected pregnant dams that received WNV or CTRL antibodies (Figure 4C).



Pathogenesis of ZIKV in the Placenta in the Presence of WNV Antibodies

Our previous study evaluating ADE caused by the presence of DENV antibodies implicated increased damage to the labyrinth zone of the placenta during ZIKV infection. Therefore, we wondered whether WNV antibodies had any impact on placental structure in ZIKV-infected mice. Harvested placentas across numerous pregnancies were evaluated for overall pathological changes by H&E staining (Figure 5A, left) as well as the density and structure of the labyrinth zone using Vimentin staining (Figure 5A, right). In all cases, we found a pronounced reduction in the size and density of the labyrinth zone due to ZIKV infection; however, there were no obvious differences in the placentas harvested from mice that received WNV plasma or CTRL plasma (Figure 5A). The extent of viral infection between mice that received CTRL or WNV antibodies was similar, consistent with the qRT-PCR results, and infection was limited to the decidual-placental interface (Figure 5B, red arrows) as examined by fluorescence RNA in situ hybridization. This is consistent with our previous findings during ZIKV infections in the absence of cross-reactive antibodies in this model (32). Together, our findings show no significant impact of WNV antibodies on the pathogenesis of ZIKV during pregnancy.




Figure 5 | ZIKV-induced damage in the developing placenta. Placentas harvested at E13.5 from uninfected of ZIKV-infected dams that received either WNV or CTRL plasma were examined for (A) the disruption of the placental labyrinth zone by both hematoxylin and eosin (H&E) staining (left) and immunofluorescence staining for vimentin (right), which marks fetal endothelium (green). DAPI is shown in blue. (B) Placentas were evaluated for ZIKV RNA localization by in situ hybridization. Tiled images of representative whole placentas are shown on the left, with tiles from white boxed regions shown on the right for ease of comparison (scale = 500µm). ZIKV-infected cells (green) are highlighted with red arrows and DAPI is shown in blue.






Discussion

Our study is the first to examine the potential for WNV antibodies to enhance ZIKV infection in the context of pregnancy. We found no significant evidence that WNV antibodies mediate enhancement of ZIKV in pregnant mice. In the absence of thorough prospective human studies on the influence of WNV immunity on ZIKV infections, we hope that these data provide the first insights into the safety of introducing greater WNV immunity into ZIKV endemic regions and regions at risk of ZIKV expansion. This finding has major implications for WNV vaccine development and begins to address larger questions about the process of ADE.

ADE is known to be a function of antigenic distance, with a ‘sweet spot’ level of antigenic relatedness resulting in the possibility of enhancement. In general, higher relatedness will result in greater antigenic affinity and neutralization, while lower relatedness will result in less binding and weak or no enhancement potential. Based on ADE observed between the DENV serotypes, ~68% identity at the amino acid level for the E proteins appears to be sufficient for enhancement to be observed (49). ZIKV and the four serotypes of DENV are on average 55% similar at the antigenic E level, and in vitro/in vivo data suggest that enhancement can occur between the two viruses (50). Consistent with this notion, a recently published study showed that antibodies against ZIKV could enhance infection in children subsequently infected with DENV (51–53). However, studies that have evaluated the impact of DENV immunity on ZIKV pathogenesis in humans have largely shown that DENV immunity is protective, with one study showing a concentration dependent loss of protection against ZIKV at intermediate DENV antibody levels (54). It is possible that these seemingly conflicting data, where enhancement occurs in one direction but not the other, are the result of a wider window of severe symptomology for DENV infections compared to ZIKV infections. Alternatively, perhaps the order in which infection occurs generates antibodies against antigenic epitopes that are more or less potently neutralizing or enhancing. WNV is slightly more antigenically distant from ZIKV (~54% amino acid identity to the E protein) (49). Our study showed that WNV antibodies could enhance ZIKV at the in vitro level, but not at the in vivo level in ZIKV-infected pregnant mice. Given that the mouse model is a very sensitive model for detecting ADE, our results suggest that WNV is unlikely to alter ZIKV pathogenesis in humans, at least in the context of pregnancy. However, carefully designed prospective human studies need to test this hypothesis considering that the antigenic relatedness of these two viruses suggests that ADE could be possible. Further, the role of ZIKV specific antibodies impacting the pathogenesis of WNV has yet to be examined.

Our data also provide further evidence for how enhancement might influence ZIKV pathogenesis in pregnancy. In our report on DENV enhancement of ZIKV in this model, we identified that the placenta was the primary target for enhanced ZIKV damage (32). We found that enhancing antibodies expanded the tropism of ZIKV from the decidual-placental interface into the cytotrophoblast layer, which correlated with an increase in cytokine production, as well as in the disruption of the placental labyrinth zone. The labyrinth zone is a bed of fetal derived endothelium essential for maternal-fetal blood and nutrient transfer, and thus we hypothesized that the disruption of this zone was responsible for the fetal abnormalities noted (55). In this work, we did not find any evidence of enhancement by increased pathogenesis, inflammation or viral load. Infection was limited to the decidual interface, demonstrating cross-reactive antibodies which are not capable of increasing the infectious range of ZIKV in the placenta. It is not clear if ZIKV gains access to this compartment through direct Fc-mediated endocytosis, or if this is the result of increased access to the compartment during inflammatory responses. However, we believe that based on our data, infection of this zone is critical for the ZIKV mediated pathology observed in enhanced infections.

Our study has several limitations. One major limitation is that we only assessed a single concentration of WNV antibodies in this study (20μl/mouse). This concentration was chosen because it is the concentration where DENV antibodies can potently enhance ZIKV. However, as we showed that the enhancement potential for DENV antibodies for ZIKV is ~1 log greater than that of WNV antibodies in vitro (Figure 1C), it is possible that WNV antibodies would require ~10-fold higher concentration to achieve enhancement. Our previous data suggest that increasing the antibody concentration 10-fold would also increase mortality non-specifically due to the non-physiological concentration of circulating antibodies (31). One possibility for why DENV plasma enhances while WNV plasma does not in our experiments is because the concentration of WNV-specific antibodies is lower in the pooled WNV plasma than the concentration of DENV-specific antibodies in the DENV plasma. To address this, we quantified the number of WNV specific IC50’s we injected per mouse of WNV plasma and compared that to the number of DENV specific IC50’s injected per mouse of DENV plasma. We found that we were using a comparable concentration of IC50’s (<2-fold difference). Therefore, we find it unlikely that the differences observed between the WNV and DENV groups in our mouse studies are a result of differing amounts of WNV and DENV specific IgG. Instead, these data suggest that the differences we have observed are due to the relative antigenic cross-reactivity to ZIKV.

An additional limitation of this study is the use of Stat2-/- mice. ZIKV NS5 is known to bind and degrade human STAT2, but not mouse Stat2, resulting in a species barrier (56). To overcome this, the human STAT2 knock-in mouse model has recently been described for ZIKV infection in non-pregnant adult mice. Our future work will aim to utilize the human STAT2 knock-in model for studying ADE in the context of pregnancy (34), which may be more translatable to human disease.

Ultimately, the goal of studying ADE should be to model the relative risk that immunity to any one virus poses to the severity of another. Understanding this would provide risk assessments for severe outbreak zones, vaccine development, and identification of patients at risk for severe disease sequelae. As one could imagine, this model will likely be complex and multifactorial – with antibody concentration already having been identified to be a major risk factor for ADE. Antigenic distance, neutralization capacity, antibody durability, antibody subclass, infection order and many other factors are still under investigation for their role in predisposing enhanced infection (57). This current study has begun to address the role of cross reactivity, and we hope that our findings will be helpful in building this risk model.
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Zika virus (ZIKV) is an arbovirus belonging to Flaviviridae family that emerged as a global health threat due to its association with microcephaly and other severe neurological complications, including Guillain-Barré Syndrome (GBS) and Congenital Zika Syndrome (CZS). ZIKV disease has been linked to neuroinflammation and neuronal cell death. Neurodegenerative processes may be exacerbated by metabolites produced by the kynurenine pathway, an important pathway for the degradation of tryptophan, which induces neuronal dysfunction due to enhanced excitotoxicity. Here, we exploited the hypothesis that ZIKV-induced neurodegeneration can be rescued by blocking a target enzyme of the kynurenine pathway, the Indoleamine 2,3-dioxygenase (IDO-1). RT-PCR analysis showed increased levels of IDO-1 RNA expression in undifferentiated primary neurons isolated from wild type (WT) mice infected by ZIKV ex vivo, as well as in the brain of ZIKV-infected A129 mice. Pharmacological inhibition of IDO-1 enzyme with 1-methyl-D-tryptophan (1-MT), in both in vitro and in vivo systems, led to significant reduction of ZIKV-induced neuronal death without interfering with the ability of ZIKV to replicate in those cells. Furthermore, in vivo analyses using both genetically modified mice (IDO-/- mice) and A129 mice treated with 1-MT resulted in reduced microgliosis, astrogliosis and Caspase-3 positive cells in the brain of ZIKV-infected A129 mice. Interestingly, increased levels of CCL5 and CXCL-1 chemokines were found in the brain of 1-MT treated-mice. Together, our data indicate that IDO-1 blockade provides a neuroprotective effect against ZIKV-induced neurodegeneration, and this is amenable to inhibition by pharmacological treatment.




Keywords: Zika virus, IDO-1, neuroinflammation, neuronal death, microgliosis



Introduction

ZIKV is an arbovirus belonging to the family Flaviviridae, genus Flavivirus, composed of positive sense, single-stranded RNA. ZIKV was first isolated from a rhesus monkey in 1947 in the Zika forest (Uganda) and humans’ infection was reported in Nigeria in 1954 (1). Epidemiological studies suggest that Zika virus had a wide geographical distribution, being introduced in Brazil between 2013 and 2015, causing a major epidemic (2) when there was an increase in cases of microcephaly and the incidence of Guillain-Barré syndrome (GBS) (3). ZIKV transmission occurs mainly by culicids of the genus Aedes (4), however, other transmission routes such as blood transfusion, sexual transmission and maternal-fetal transmission have already been demonstrated (5).

In humans, the disease caused by ZIKV manifests in about 20% of cases and is characterized by mild clinical symptoms such as fever, headache, myalgia, rash, conjunctivitis and joint pain (6). However, fetal brain samples from infected mothers have shown that ZIKV is able to break through biological placental barriers to infect developing neural cells inducing neuroinflammation, neuronal death, and neurodegeneration, therefore, leading to microcephaly and congenital Zika syndrome, both of which eventually manifest as fetal brain abnormalities (7–11).

The mechanism by which ZIKV exerts these neurological effects has been related to induction of neuronal excitotoxicity, a pathological process mediated by excessive glutamatergic activity (12), infection, activation, and apoptosis of neural progenitor cells, mature neurons, and glial cells with concomitant inflammation (13). Cell death and neurodegenerative processes can be exacerbated by metabolites produced by the kynurenine pathway (KP), an important pathway of degradation of tryptophan, at least in part due to excitotoxicity. Kynurenine pathway is induced by the activation of Indoleamine-2,3-dioxygenase (IDO-1) enzyme in the presence of proinflammatory cytokines, generating several neuroprotective and neurotoxic metabolites (14, 15).

IDO-1 is found in macrophages, monocytes, microglia, astrocytes, and neurons (16, 17) and is considered the major enzyme involved in tryptophan degradation (18). Imbalances in levels of KP metabolites have been associated with neurodegenerative disorders including Huntington’s, Alzheimer’s, and Parkinson’s diseases and other brain disorders as well as several cancers (19). IDO-1 has been linked to neurodegenerative diseases, and have been studied as a possible therapeutic target (19–23).

1-methyl-D-tryptophan (1-MT) is a methylated tryptophan, acting as a competitive IDO-1 inhibitor (24). Recent studies have shown its ability to improve responses to many anticancer therapies and to boost immunity in infectious diseases (24).

In this study we explored the hypothesis that ZIKV-induced neurodegeneration can be rescued by blocking the enzyme IDO-1 that catalyzes the rate-limiting step in KP.



Material and Methods


Animals and Ethics

This study was carried out in accordance with the recommendations of the Brazilian Government (law 11794/2008a) and approved by the Committee on Animal Ethics of Universidade Federal de Minas Gerais (UFMG) (protocol no.106/2020 CEUA/UFMG). All mice were 5 to 8 weeks old and were kept under specific-pathogen-free conditions at 23°C on a 12-h light/12-h dark cycle with food and water provided ad libitum. Experiments were conducted using wild-type C57BL/6 mice, type I interferon receptor deficient mice (A129) on SV129/Ev background, and deficient mice in the enzyme indoleamine 2,3-dioxygenase (IDO-1-/-) on C57BL/6 background at the Immunopharmacology Laboratory at ICB-UFMG. C57BL/6 mice were purchased from Biotério Central of UFMG, A129 mice were originally purchased from B&K Universal Limited (United Kingdom) and IDO-1-/- were kindly provided by Universidade de São Paulo (USP).



Mouse Experiments

Mice were inoculated with ZIKV by intravenous (I.V) route (tail vein) with 4x103 PFU of ZIKV in a volume of 200 μl PBS or by intracranial (i.c) route with 1x 106 PFU of ZIKV in a volume of 20 μl PBS. In some experiments, mice were treated orally with 10 mg/animal of the Indoleamine 2,3-dioxygenase enzyme inhibitor (1-MT), 1 hour after infection and every 24 hours. Clinical symptoms were monitored daily and severely ill mice with a ≥ 20% weight decrease were euthanized. On day 5 after infection (the peak of ZIKV infection), the animals were euthanized to obtain spleen, brain, optic nerve and eye. For primary culture experiments (neurons), brains from mouse embryos on the fifteenth day of the embryonic period (E15) were collected to obtain neuronal cultures.



Virus

A low-passage-number clinical isolate of ZIKV (HS-2015-BA-01), isolated from a viremic patient with symptomatic infection in Bahia State, Brazil, in 2015, was used. The complete genome of the virus is available at GenBank under the accession no. KX520666. Virus stocks were propagated in C6/36 Aedes albopictus cells and were titrated in CCL-81 Vero cells as described previously (25).



Intraocular Pressure Measurement (IOP)

The IOP was measured on days 0, 3 and 5 after ZIKV infection using an applanation tonometer (Tono-Pen Vet - Reichert Technologies, NY, USA), as previously described (26–28).



Virus Titration

The viral load on mouse tissues (brain, eye, optic nerve and spleen) and in the supernatant of cell culture samples was determined by plaque assay in CCL-81 Vero cells, as previously described (25). Plaque counts were computed as p.f.u. per gram of tissue mass or milliliter of supernatant.



Evaluation of Inflammatory Markers

The brain tissue was homogenized in a buffer containing protease inhibitors (100 mg of tissue per 1 mL of extraction solution; 0.4 mol/L NaCl, 0.05% Tween 20, 0.5% BSA, 0.1 mmol/L phenylmethyl sulfonil fluoride, 0.1 mmol/L benzethonium chloride, 10 mmol/L EDTA, and 20 KI aprotinin). The brain homogenate was centrifuged at 3000 × g for 10 min at 4°C, and the supernatant was collected to determine the concentration of cytokines by ELISA. The cytokines (TNF and IL-1β) and chemokines (CCL5 and CXCL1) levels in the brain of mice were measured using DuoSet ELISA kits antibodies (R&D Systems) in accordance with the manufacturer’s instructions. Neutrophil accumulation in mouse brains was also indirectly measured by determining the level of myeloperoxidase activity, according to a previous study (29).



Brains Sections and Staining

For histopathological scoring, brain samples were stained with hematoxylin and eosin (H&E) and the analyses was performed in cerebral cortex and hippocampus sections in a blinded manner according to previous studies (29, 30). Briefly, each brain region was graded on a four-point scale: 0, no tissue damage; 1, minimal tissue damage and/or mild inflammation; 2, mild tissue damage and/or moderate inflammation; 3, severe tissue damage and high inflammation; 4, necrosis with loss of tissue elements and presence of cellular debris. Meningeal inflammation was also graded on a four-point scale: 0, no inflammation; and points between 1 and 4 were assigned when there were one to four layers of cellular inflammation, respectively. The final score was calculated as a sum of cerebral cortex added to the score obtained from the meningeal inflammation analysis, totalizing a maximum of 8 points. For immunostaining analyses, brain samples were processed and sections from hippocampus, striatum, and prefrontal and motor cortex of mice were stained for microglia (IBA1 Polyclonal Antibody – Invitrogen), astrocytes (S100-β polyclonal antibody – Abcam) and apoptosis (Caspase-3 Monoclonal Antibody – Invitrogen) according to manufacturer’s instructions (Vector Elite kit - Vector Laboratories) as described in as previously described (31). Image acquisition and analysis were performed using an Olympus BX 41 microscope (Olympus). The images presented in the article are representative of one of those experiments.



Primary Neurons Cell Cultures

Neuronal cultures were prepared from the cortex and striatal regions of E15 of C57BL/6 wild-type mouse embryo brains. After dissection, the brain tissue was submitted to trypsin digestion followed by cell dissociation using a fire-polished Pasteur pipette. Neuronal cells were plated onto poly-L-ornithine-coated dishes in neurobasal medium supplemented with N2 and B27 supplements (Gibco), 2 mM GlutaMAX (Gibco) and 50 g/ml penicillin/streptomycin (Sigma), incubated at 37°C and 5% CO2 for 5 days. Infection was performed with ZIKV (MOI of 0.1), followed by an adsorption period of 1 h. Wells were washed with incomplete medium and each well was replaced by a final volume of complete neurobasal medium. In some experiments, neuronal cultures were treated with 3, 10, 30 or 100 µM of the Indoleamine 2,3-dioxygenase enzyme inhibitor every 24h. Beside the kinetic experiments, all experiments evaluating the effects of 1-MT on primary neurons were performed after 48 h of ZIKV infection. At the time point, the supernatant was collected for quantification of viral load while the cells adhered to the plate were used in the cell death assay.



Neuronal Cell Viability

Neuronal cell death was assessed by LIVE/DEAD Cell Viability Assays after 48 hours of ZIKV infection, as previously described (27). Briefly, the neuronal cell culture was stained with 2 µM calcein acetoxymethyl ester (AM) and 2 µM ethidium homodimer -1. After 10 minutes, the neuronal culture was immediately visualized by a FLoid Cell Imaging Station fluorescence microscope (Thermo Fisher Scientific). Images were captured and the fractions of live (green, calcein AM) and dead (red, ethidium homodimer -1) cells in the same field of view were evaluated. Cell viability was analyzed, and the quantification was performed using the ImageJ software. Data are reported as the percentage of dead cells out of the total number of cells.



Real-Time RT-PCR

RNA was isolated using TRIzol™ reagent in accordance with the manufacturer’s instructions (Invitrogen). RNA was resuspended in 30 μL of nuclease-free water, and its concentration was analyzed by Nanodrop spectrophotometer. cDNAs were prepared from 2 μg of total RNA extracted in a 10 μL final reverse transcription reaction. RT-qPCR was performed from 10x diluted cDNA using SYBR Green PCR Master Mix (Applied Biosystems). Real-time was performed in a 7500 Fast Real-Time PCR System (Applied Biosystems). The appropriate primers were used to amplify a specific fragment corresponding to specific gene targets as follows: GAPDH F: 5’-ACG GCC GCA TCT TCT TGT GCA- 3’; GAPDH R: 5’ -CGC CCA AAT CCG TTC ACA CCG A- 3; IDO-1 F: 5’-TCA AAG CAA TCC CCA CTG TAT CC- 3’; IDO-1 R: 5’ -TCC ACA AAG TCA CGC ATC CTC- 3’. All data are presented as relative expression units after normalization to GAPDH gene, and measurements were conducted in duplicate.



Statistical Analysis

Results were expressed as Mean ± SEM for the number of independent experiments. GraphPad Prism (GraphPad Software, Inc) was used to analyze data using different-tests as appropriate and P < 0.05, P < 0.01, P < 0.001 and P < 0.0001 indicate the levels of statistical significance. Additional information is indicated in Figure Legends.




Results


IDO-1 Expression Is Enhanced Upon ZIKV Infection In Vitro and In Vivo

The KP is segregated into two distinct branches triggering neurotoxic and neuroprotective metabolites. The first step of KP converts the essential amino acid L-tryptophan to N-formylkynurenine and is regulated by rate-limiting enzymes, being the Indoleamine 2,3-dioxygenase 1 (IDO-1) the main enzyme contributing to the production of kynurenines during inflammatory conditions (32). Therefore, differential mRNA expression of IDO-1 was investigated in non-infected and ZIKV-infected primary neuron cultures from cortex and striatal regions obtained from wild type (WT) C57BL/6 mice embryo brains. After 48 hours of ZIKV infection, there was an increase in the levels of IDO-1 when compared to Mock control in primary neuron cultures (Figure 1A). Additionally, increased levels of IDO-1 expression were also seen in the brain of A129 mice infected with ZIKV, 5 days upon infection, peak of disease manifestation in these mice, when compared to Mock littermates (Figure 1B). These results clearly demonstrate that ZIKV infection induced increased expression of IDO-1 enzyme in vitro and in vivo.




Figure 1 | IDO-1 expression induced by ZIKV infection. (A) Primary culture of cortical-striatal neurons from C57BL/6 mice on D5 were infected with ZIKV (MOI 0.1) and after 48 hours the cells were harvested. (B) Type I interferon receptor deficient mice (A129) were inoculated (i.v) with 4x103 PFU/200 μL of ZIKV. At day 4 and 5 of infection, the brain was harvested. RNA extraction and subsequent Real time PCR analysis of IDO-1 expression in the brain and neuronal primary culture was done. Results are expressed as mean ± SEM and are representative of two independent experiments. Statistically significant differences were assessed by Mann Whitney test. (#) for P ˂ 0.05 and (##) for P ˂ 0.01.





1-MT Inhibitor Reduces Neuronal Death in ZIKV Primary Neurons

Subsequently, we evaluated the effect of blockade of IDO-1 enzyme in vitro. Previous studies by our group have shown that undifferentiated neuronal cultures are highly susceptible to ZIKV infection, inducing neuronal death (27, 33). Then, we tested whether the IDO-I inhibitor, 1-methyl-D-tryptophan (1-MT) would reduce ZIKV-induced neuronal cell death. For that, primary neuronal cultures obtained from the corticostriatal region of C57BL/6 embryo brains were infected with ZIKV (MOI 0.1) and treated with 1-MT at concentrations of 3; 10; 30 and 100 µM. After 48 hours following infection, the supernatant was collected to evaluate viral load by plaque assay and cells were subjected to cell viability assays. ZIKV neuronal infection resulted in 109 PFU/mL in the culture supernatants, and in vitro IDO-1 inhibition with 1-MT did not interfere with ability of the virus to replicate in these cells. The highest 1-MT concentration triggered some reduction of the viral load (Figure 2A). Nevertheless, 1-MT treatment induced a significant reduction of neuronal cell death, in all evaluated concentrations (Figures 2B, C). At the concentration of 100 µM 1-MT, cytotoxicity was detected in infected cells, but without reaching statistical difference.




Figure 2 | IDO-1 inhibition in primary undifferentiated neurons infected by ZIKV. Primary culture of cortical-striatal neurons on D5. Neuronal culture from C57BL/6 mice were infected with ZIKV (MOI 0.1) and treated with 1-MT inhibitor at concentrations of 3; 10; 30 and 100 µM. After 48 hours, (A) the supernatant was collected to assess viral load, (B) cell death was assessed using the LIVE/DEAD Cell Viability Assay. (C) Representative images of infected and uninfected neurons stained with calcein AM (green indicates live cells) and ethidium homodimer (red indicates dead cells). All results are expressed as median and are representative of at least two independent experiments. Statistically significant differences were assessed by One-way ANOVA plus Holm-Sidak’s or Tukey’s comparisons test. (####) for P < 0,0001 compared to the MOCK group; (***) for P < 0,001 and (****) for P < 0,0001 compared to the ZIKV group.





IDO-1 Inhibition Did Not Prevent ZIKV-Induced Clinical Manifestations as Well as Virus Replication in A129 Mice

Further, we investigated the effects of IDO-1 inhibition during ZIKV infection in vivo. For that, A129 mice were inoculated (i.v) with 4 x 103 PFU of ZIKV and, after 1 hour, they were treated with 1-MT and every 24 hours until euthanasia (Figure 3A). Five days after infection, peak of disease manifestation in this model, spleen, brain, optic nerve and eye of the animals were collected. In accordance with previous studies from our group (27), there was significant body weight loss in the ZIKV group when compared to Mock control. Similarly, infected mice treated with 1-MT lost as much weight as the ZIKV group (Figure 3B). Ophthalmic alterations induced by ZIKV infection were also evaluated through the measurement of intraocular pressure (IOP), but no significant differences were detected between infected groups, treated or not with 1-MT (Figure 3C). Moreover, 1-MT treatment of ZIKV-infected mice did not interfere with viral loads detected in the brain (Figure 3D), optic nerve (Figure 3E), eye (Figure S1A) or spleen (Figure S1B). No significant differences were detected in neutrophils recruitment to the brain (Figure 3F). Although 1-MT did not prevent viral replication, it induced larger production of the chemokines CCL5 (Figure 3G) and CXCL1 (Figure 3H) in the brain of infected mice when compared to non-treated ZIKV group, but there was no difference in TNF (Figure 3I) and IL -1β (Figure 3J) levels. Overall, the results show that IDO-1 inhibition was not able to reduce clinical manifestations induced by ZIKV-infection, as well as virus replication in A129 mice.




Figure 3 | Clinical signs and inflammatory parameters in A129 mice infected by ZIKV treated or not with 1-MT inhibitor. (A) Experimental schematic representation of experimental strategy. A129 were inoculated (i.v) with 4x103 PFU/200μL of ZIKV and treated daily with 1-MT. (B) The body weight was evaluated daily and (C) the intraocular pressure was analyzed on days 0, 3 and 5. At day 5 of infection, (D) the brain and (E) optical nerve was harvested for plaque assay analysis. (F) Measurement of myeloperoxidase activity (neutrophil accumulation) and (G–J) chemokine/cytokine production was assessed in mouse brain of animals. All results are expressed as mean and error bar indicate the standard error (SEM) and are representative of at least two independent experiments. Statistically significant differences were assessed by Two-way ANOVA plus Tukey’s comparisons test (A, B), Mann Whitney test (D, E) and One-way ANOVA (F–J) plus Tukey’s comparisons test. (##) for P < 0,01 and (####) for P < 0,0001 when compared to the MOCK group. (*) for P < 0,05 and (**) for P < 0,001 compared to the ZIKV group.





IDO-1 Inhibition Prevents Microgliosis, Astroglioses and Caspase-3 Expression of Cells in the Brain of ZIKV Infected Mice

Infection of A129 mice with ZIKV triggered histopathological signs of brain inflammation and tissue damage. Histopathological analysis of the brain revealed mild gliosis and meningitis 5 days after ZIKV infection. Such changes were similar in non-treated and 1-MT-treated ZIKV-infected mice (Figures 4A, B). Despite such evidence, 1-MT treatment prompted a significant reduction in the number of IBA-1 positive cells (IBA-1+ cells) in the cerebral cortex of infected mice (Figures 4C, D). In addition, there was significant reduction in the number of astrocytes (S100β+ cells) in 1-MT-treated group when compared to non-treated ZIKV infected group (Figures 4E, F). Another important feature of ZIKV infection is neurodegeneration, including cell death. In this regard, treatment of infected mice with 1- MT decreased the number of brain Caspase-3-positive cells (Caspase-3+ cells), which is suggestive of reduced apoptosis (Figures 4G, H).




Figure 4 | Morphometric analysis of the brain of A129 mice infected by ZIKV, treated or not with 1-MT inhibitor. A129 were inoculated (i.v) with 4x103 PFU/200μL of ZIKV and treated daily with 1-MT. (A) Semiquantitative analysis (histopathological score) after H&E staining of brain sections of ZIKV-infected mice 5 days after infection. (C, E, G) Immunostaining of (C) IBA-1+, (E) S100-β+ and (G) Caspase-3 was performed in the brains of mice. (B, D, F, H) Representative images from brain sections. All results are expressed as mean and error bar indicate the standard error (SEM) and are representative of at least two independent experiments. Statistically significant differences were assessed by One-way ANOVA plus Tukey’s comparisons test. (###) for P < 0,001 and (####) for P < 0,0001 when compared to the MOCK group. (****) for P < 0,0001 compared to the ZIKV group.





Effects of ZIKV Infection in Indoleamine 2,3-Dioxigenase 1 (IDO-1-/-) Deficient Mice

In view of the effects observed after 1-MT treatment and the potential contribution of this pathway in preventing neurodegeneration, we also evaluated ZIKV infection in genetically modified Indoleamine 2,3-dioxigenase 1 deficient (IDO-1-/-) mice. Since C57BL/6 mice are resistant to ZIKV infection (27, 34, 35), ZIKV infection was performed by intracerebral route by inoculation of with 1 x 106 PFU of ZIKV (i.c) in both WT C57BL/6 and IDO-1-/- mice (Figure 5A). Body weight loss was significantly higher in C57BL/6 and IDO-1-/- mice infected with ZIKV than in their respective controls (Figure 5B). Furthermore, there was no significant change in the IOP levels between WT and IDO-1-/- ZIKV-infected groups (Figure 5C). Regarding viral replication, no viable virus (assessed by plaque assay) or ZIKV genome (RT-PCR) was detected in the brain of ZIKV-infected WT or IDO-1-/- mice. Accordingly, no difference in MPO levels was detected into mice’s brains (Figure 5D). Finally, as demonstrated during 1-MT treatment, intracranial ZIKV infection also led to increased production of inflammatory mediators, such as CCL5 (Figure 5E) and CXCL1 (Figure 5F) in both WT and IDO-1-/- ZIKV mice. Production of TNF and IL-1β in WT and IDO-1-/- was analogous to Mock (Figures 5G, H). Additionally, in a pattern similar to that observed in A129 mice treated with 1-MT, brain histopathological analysis of C57BL/6 and IDO-1-/- infected mice revealed mild gliosis and meningitis in both infected experimental groups (Figures 6A, B). Accordingly, reduced microgliosis, astrogliosis and apoptosis were found in infected IDO-1-/- mice in comparison to ZIKV infected WT littermates as demonstrated by reduction of the number of IBA-1 (Figures 6C, D), S100β (Figures 6E, F) and Caspase-3 (Figures 6G, H) positive cells of mice’s brain sections. Furthermore, the morphology of the Caspase-3-stained cells, especially the nucleus morphology, comprised both neurons and glial cells.




Figure 5 | Clinical signs and inflammatory parameters after ZIKV infection of WT and IDO-/- mice infected by ZIKV. (A) Experimental schematic representation of experimental strategy. C57BL/6 and IDO-1-/- were inoculated (intracranial) with 1x106 PFU/20μL of ZIKV. (B) The body weight was evaluated daily and (C) the intraocular pressure was analyzed on days 0, 3 and 5. At day 5 of infection, (D) the brain was harvested and myeloperoxidase absorbance analysis and (E–H) chemokine/cytokine production was assessed. All results are expressed as mean and error bar indicate the standard error (SEM) and are representative of at least two independent experiments. Statistically significant differences were assessed by Two-way ANOVA plus Tukey’s comparisons test (B, C) and One-way ANOVA plus Tukey’s comparisons test (D-H). (###) for P < 0,001 and (####) for P < 0,0001 compared to the MOCK group.






Figure 6 | Morphometric analysis of the brain of WT and IDO-/- mice infected by ZIKV. C57BL/6 and IDO-1-/- were inoculated (intracranial) with 1x106 PFU/20μL of ZIKV. (A) Semiquantitative analysis (histopathological score) after H&E staining of brain sections of ZIKV-infected mice 5 days after infection. (C, E, G) Immunostaining of (C) IBA-1+, (E) S100-β+ and (G) Caspase-3 was performed in the brains of mice. (B, D, F, H) Representative images from brain sections. Results are expressed as mean and error bar indicate the standard error (SEM) and are representative of at least two independent experiments. Statistically significant differences were assessed by One-way ANOVA plus Tukey’s comparisons test (#) for P < 0,05, (##) for P < 0,01 and (###) for P < 0,001 and (####) for P < 0,0001 when compared to the MOCK group. (*) for P < 0,05 and (**) for P < 0,01 compared to the ZIKV group.






Discussion

Several studies have reported the tropism of the ZIKV to different cellular types, tissues and body fluids. Meanwhile, ZIKV-tropism to the CNS is the most harmful feature to the host and may cause neurodegeneration and other neuronal dysfunctions. Despite its association with neurological diseases, such as microcephaly, GBS and CZS, there are no current approved therapies for the treatment of this important pathogen (36). In order to develop effective therapies, a better understanding of the pathogenicity resulting from the virus-host interaction is required. Global analysis of gene expression shows that ZIKV infection prompts significant dysregulation of several host factors associated with neural development, immune response, cell death, among others (37, 38). In the present study, we evaluated the potential neuroprotective effect of the blockade of IDO-1 enzyme by using a genetically approach (IDO-1-/- mice) or a pharmacological strategy (1-MT inhibitor), in vitro and in vivo. The main results were: (I) increased levels of IDO-1 expression after ZIKV infection; (II) reduction of neuronal death upon 1-MT treatment; (III); massive reduction of ZIKV-induced microgliosis, astrogliosis and apoptosis in IDO-/- mice and after 1-MT administration in A129 mice. Overall, these data indicate a neuroprotective effect induced by IDO-1 inhibition after ZIKV infection in vivo and in vitro.

IDO-1 is the first rate-limiting of the KP responsible for converting tryptophan into several downstream kynurenine metabolites. This enzyme is expressed by many cell types, including macrophages, microglia, dendritic cells, astrocytes, fibroblasts, and epithelial cells (32) and is commonly induced by proinflammatory cytokines. In the current study, we showed that ZIKV infection increased levels of IDO-1 expression in mice’s brain and also in primary neuron culture obtained from embryonic brains of mice. These results demonstrate that Indoleamine-2,3-dioxygenase, or IDO-1, is activated by the inflammatory response induced by ZIKV. In this context, we next, evaluated the effects of the inhibition of IDO-1 on ZIKV infection in vitro and in vivo systems. We found that a pharmacological inhibition in primary neurons infected by ZIKV did not prevent viral replication but induced less cell death. Likewise, human monocyte-derived macrophages induce IDO-1 expression upon West Nile virus (WNV), via TNF and NF-KB signaling, but IDO was not essential for the control of WNV infection (39). Similarly, 1-MT treatment of ZIKV-infected mice did not interfere with the ability of ZIKV to replicate in the brain, optic nerve, eye or spleen tissues. Additionally, no significant difference in neutrophil recruitment was observed between treated and non-treated ZIKV-infected mice. At the same time, chemokines relevant for the migration of monocytes, lymphocytes, as well as for neutrophil traffic, such as CCL5 and CXCL1, respectively, had increased levels in 1-MT treated ZIKV mice. We also evaluated ZIKV infection in IDO-1-/- mice and WT mouse model. Corroborating the pharmacological data, the absence of IDO did not interfere with clinical signs, viral replication or inflammatory parameters, although microgliosis, astrogliosis and caspase-3 expression reduced after infection. Chemokine signaling plays an important homeostatic role and modulates neuroprotective processes on different stimuli, orchestrating the action of neurons-microglia-astrocytes to preserve brain damage (40). In pathological processes, pro-inflammatory cytokines and chemokines are robustly induced and can lead IDO-1 activity and tryptophan associated metabolites (39, 41, 42). IDO-1 inhibition in Influenza virus infection does not affect leukocyte infiltration or viral clearance, thus, blockade of IDO-1 could play a beneficial role in host protection (43–45). These data show that pharmacological inhibition or genetic ablation of IDO-1 did not completely prevent brain inflammation, but reduced brain damage and cell death.

ZIKV can infect almost all CNS cells, including neurons, glial cells, endothelial cells and pericytes. Activated CNS-resident cells could be the source of proinflammatory cytokines and chemokines such as CCL5 and CXCL1, found in ZIKV-infected brain tissue. ZIKV infection and replication are associated with brain damage and, as consequence, severe neurological symptoms (8, 27). The mechanisms by which ZIKV exert these effects involve neuronal excitotoxicity and apoptosis of microglia, astrocytes and other cells. Our group has shown that neuronal cell death induced by ZIKV is associated with excitotoxicity mediated by the release of glutamate and other neurotoxic factors such as TNF and IL-1β, inducing the activation of NMDA (N-methyl-d-aspartate receptor) receptors (27, 33). Accordingly, treatment with Memantine (an FDA-approved allosteric NMDA receptor antagonist) in vivo and in vitro was effective to prevent ZIKV-induced cell death and neurodegeneration but did not interfere with the ability of the virus to replicate. Furthermore, administration of Ifenprodil (a selective inhibitor of the NMDA receptor, specifically for the GluN1 and GluN2B subunits) in a primary neuron culture rescues ZIKV-induced neurotoxicity (27, 33). IDO expression in Huntington’s disease is chronically elevated, inducing neurotoxicity, and IDO inhibition reduces neurotoxicity sensitivity and neuroprotective role (46).

Cell death and neurodegenerative processes can be exacerbated by metabolites produced by KP. Kynurenine metabolism is directly associated with several neurodegenerative and neurological diseases, such as Alzheimer’s disease, multiple sclerosis, and stroke (23, 47). In accordance with recent studies from our group (27, 33, 48), infection of A129 mice induced brain inflammation and tissue damage, and we found mild gliosis and meningitis in all infected mice groups. However, pharmacological inhibition or deletion of IDO-1 (IDO-/-) prompted a significant reduction of IBA-1 positive cells in the brain’s mice, suggesting less microglia activation. It appears that microglia activation is dependent on IDO-1 (49, 50). In a similar pattern, we found a reduction in the number of astrocytes (S100β positive cells). Microglia and activated astrocytes produce several inflammatory mediators, including IL-1β, TNF, glutamate, nitric oxide (NO) among others, which can trigger neuronal death after ZIKV infection (33). In addition, ZIKV-induced neurodegeneration can be caused by loss of structure or function of neurons. Recent studies demonstrated that ZIKV is able to induce apoptosis of neuronal cells in vitro (33) and in vivo (28). In this regard, we have shown that treatment of infected mice with 1-MT decreased the number of brain Caspase-3-positive cells, which is suggestive of reduced apoptosis. According to cell morphology, especially the nucleus, these cells comprised both neurons and glial cells, however, co-localization assays were not performed (Caspase-3/IBA-1 or Caspase-3/S100β or NeuN/Caspase-3). Although ZIKV-induces neuronal damage, it is unclear whether neuronal death is due to direct neurotoxicity or secondary to the activation of microglia and astrocytes. Apoptosis can be a result from inflammatory mediators released by the activated microglia or induced in a non-cell autonomous manner, triggering cell death of uninfected neurons by releasing cytotoxic factors (33). These data suggest the pharmacological or genetic inhibition of IDO-1 prevents microglial activation, astrogliosis and apoptosis in the brain of ZIKV infected, without preventing clinical outcomes.

Development of efficient therapies against viral infections, such as ZIKV, is important for the control and reduction of clinical symptoms, viral load, neuroinflammation, and mainly, neurodegeneration. A combination of compounds that could prevent ZIKV-induced neurodegeneration with viral replication (antiviral drugs) represents the ideal treatment. Meanwhile, no approved antiviral drugs are available. Recently, our group showed that a therapeutic administration of an antiviral peptide (AH-D) significantly reduced viral loads in serum, spleen, brain and optical nerve throughout the course of ZIKV infection (30). Additionally, we also demonstrated the efficacy of the 7-Deaza-7-fluoro-2’-C-methyl adenosine (DFMA), a nucleoside analogue, which showed significant antiviral effects against ZIKV in vitro and in vivo systems, especially when administered prophylactically and at early times after ZIKV infection (48). These compounds open a new perspective to evaluate the synergic effect of a neuroprotective drug such as 1-MT along with an antiviral drug against ZIKV-induced disease in an early future.

In conclusion, our data indicate that IDO-1 inhibition exerts a neuroprotective role in CNS reducing the microglial activation, astrogliosis and apoptosis without antiviral effect. Further studies are required to elucidate the mechanisms of neuroprotection obtained by ablation of IDO-1 and it will be important to evaluate whether the combination of neuroprotective drugs, such 1-MT, and antiviral like AH-D or DFMA could be the treatment for ZIKV infection.
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Objetive

To address the prevalence of SARS-CoV-2 and the evolutionary profile of immune compounds in breastmilk of positive mothers according to time and disease state.



Methods

Forty-five women with term pregnancies with confirmed non-severe SARS-CoV-2 infection (case group), and 96 SARS-CoV-2 negative women in identical conditions (control group) were approached, using consecutive sample. Weekly (1st to 5th week postpartum) reverse transcription polymerase chain reaction (RT-PCR) in nasopharyngeal swabs (cases) and breastmilk (cases and controls) were obtained. Concentration of cytokines, chemokines, and growth factors in breastmilk (cases and controls) were determined at 1st and 5th week post-partum.



Results

Thirty-seven (study group) and 45 (control group) women were enrolled. Symptomatic infection occurred in 56.8% of women in the study group (48% fever, 48% anosmia, 43% cough). SARS-CoV-2 RNA was not found in breastmilk samples. Concentrations of cytokines (IFN-γ, IL-1ra, IL-4, IL-6, IL-9, IL-13, and TNF-α) chemokines (eotaxin, IP-10, MIP-1α, and RANTES) and growth factors (FGF, GM-CSF, IL7, and PDGF-BB) were higher in breastmilk of the study compared with the control group at 1st week postpartum. Immune compounds concentrations decreased on time, particularly in the control group milk samples. Time of nasopharyngeal swab to become negative influenced the immune compound concentration pattern. Severity of disease (symptomatic or asymptomatic infection) did not affect the immunological profile in breast milk.



Conclusions

This study confirms no viral RNA and a distinct immunological profile in breastmilk according to mother’s SARS-CoV-2 status. Additional studies should address whether these findings indicate efficient reaction against SARS-CoV-2 infection, which might be suitable to protect the recipient child.
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Introduction

During the first months of COVID-19 pandemic, some concerns arose about the safety of breastfeeding because of the potential risk of viral transmission. However, most of the human milk samples assayed for SARS-CoV-2 RNA Reverse Transcription Polymerase Chain Reaction (RT-PCR) have yielded negative results (1–5), whereas no evidence of SARS-CoV-2 transmission through human milk has been provided yet (6, 7).

With regard to the efficacy of breastmilk to provide protecting anti-SARS-CoV-2 antibodies (3, 8, 9), most studies carried so far have addressed their presence. However, information regarding the impact of COVID-19 on other immune compounds, such as cytokines, chemokines, and growth factors, is lacking. These immune factors act in the prevention of infantile infection and can modulate the immunological development of the infant (10–15). In fact, their abundance in human milk is often inversely related to their scarcity in the infant’s gut, characterized by a deficit of mucosal-related anti-inflammatory mechanisms, a limited production of secretory IgA, and a poor innate effector cell function (15).

Activation of inflammatory signaling pathway is a critical mediator in the pathophysiology of COVID-19 (16–18), and maternal environmental factors, including viral infections and previous antigenic exposures, are known to affect immunological composition of human milk (19–23). Therefore, a deeper insight on the impact of SARS-CoV-2 infection on the composition of breastmilk is needed.

This research aims to address questions related on the safety and the efficacy of breastmilk feeding of neonates born to mothers with non-severe SARS-CoV-2 infection, through the systematic assessment of: (a) the prevalence of viral RNA in breastmilk according to SARS-CoV-2 status, (b) the impact of SARS-CoV-2 infection on the milk profile of cytokines, chemokines, and growth factors, and (c) the evolution of their concentrations during the first five weeks of lactation.



Methods

This multicenter, prospective case-control study was conducted in Madrid, between April and July 2020. Since March 2020, maternity hospitals tested pregnant woman for SARS-CoV-2 infection by routine nasopharyngeal RT-PCR as screening prior delivery. Given the high incidence of COVID-19 disease at the start of the study, the Spanish Ministry of Health considered a patient had confirmed SARS-CoV-2 infection whenever the RT-PCR was positive, regardless of clinical features. Four level 3 institutions of the health system of the Madrid region (Spain) (La Paz University Hospital, 12 de Octubre University Hospital, Quironsalud Madrid University Hospital and Quironsalud San José Hospital) participated in this study. The protocol was approved by the reference Clinical Research Ethics Committee. Informed consent was obtained from mothers before enrolment. Every mother-infant’s information was treated anonymously.


Eligibility Criteria

Women with term pregnancies with confirmed SARS-CoV-2 infection at the time of delivery, who were in good clinical condition and had a decision to breastfeed were considered eligible for the study (study group). For each positive case, two consecutive women with term pregnancies, in identical conditions, who were SARS-CoV-2 negative were approached (control group). Prospective data recording of participant mothers (age, underlying pathology, type of delivery, time of positive SARS-CoV-2 RT-PCR and related clinical features/treatment) and their infants (gestational age, birth weight, neonatal diagnoses) were obtained.



Study Procedures

During the first month after delivery, breastmilk (case and control groups) and nasopharyngeal swabs (case group) were collected by the participant mothers, who were instructed on accomplishment and storage of samples. Breastmilk samples were collected every 72 h from delivery after careful hand, breast, and nipple hygiene, with the mouth and nose covered by a mask. Milk was collected either by pump or manual extraction, and kept in individual sterile container for each aliquot. After milk extraction, breast pump was cleaned with soap and water, and disinfected by alcohol or immersion in boiling water. Case group mothers self-performed weekly nasopharyngeal smear using swab kits and the corresponding RT-PCR transport medium. Control group mothers underwent a serological study prior to hospital discharge. Blood samples were centrifuged and stored for analysis. Presence of IgG and IgM antibodies against SARS-CoV-2 was assessed using the IgG+IgM Combo Detection Kit (SD Biosensor, Korea).

All biological samples were identified by a study code and date of extraction, immediately frozen at −20°C, periodically collected at home by a specialized transport system and shipped on dry ice (−78.5°C) to the Nutrition and Food Science Department, Complutense University of Madrid where the samples were analyzed. To eliminate or minimize potential lab biases, all the samples were submitted to a single freeze–thaw cycle and were analyzed by the same researchers. After hospital discharge, follow up of the infants was done by serial phone calls during the first month of age.


RT-PCR Assays

RNA extraction from the nasopharyngeal and milk samples (200 μl) was carried out using the KINGFISHER FLEX 96 extraction robot (ThermoFisher), the MagMax_Core_Flex extraction program and the MagMAX Viral/Pathogen II Nucleic Acid Isolation kit (Applied Biosistems, ThermoFisher). For the detection of SARS-CoV-2, the TaqPath COVID-19 CE-IVD RT-PCR kit (Applied Biosystems, Thermo Fisher Scientific) was used in a 384-well format with the QuantStudio 7 Flex System equipment (Applied Biosystems). All procedures were performed following the manufacturer’s instructions.



Immunoassays in Breastmilk Samples

Concentration and frequency of detection of 30 soluble immune factors in the milk samples were determined by magnetic bead-based multiplex immunoassays using a Bioplex 200 instrument (Bio-Rad, Hercules, CA, USA) and the pro-human cytokine 27-plex assay (Bio-Rad). The immune factors included in this study were interleukin (IL) 1β, IL1ra, IL2, IL4, IL5, IL6, IL7, IL8, IL9, IL10, IL12(p70), IL13, IL15, and IL17, interferon-gamma (IFN-γ), granulocyte colony stimulating factor (G-CSF), granulocyte-macrophage colony stimulating factor (GM-CSF), monocyte chemoattractant protein-1 (MCP-1), macrophage inflammatory protein 1α and 1β (MIP-1α, MIP-1β), eotaxin, basic fibroblast growth factor (Basic FGF), tumor necrosis factor-alpha (TNF-α), inferon γ-induced protein (IP-10), platelet-derived growth factor-BB (PDGF-BB), regulated on activation normal T-cells expressed and secreted (RANTES), and vascular endothelial growth factor (VEGF). In addition, levels of transforming growth factor-beta 2 (TGF-β2), epidermal growth factor (EGF), and growth-related oncogene-α (Groα) were measured, respectively, by the human TGF-β2, human EGF, and human GRO alpha (CXCL1) ELISA kits (RayBiotech, Norcross, GA, USA).

To avoid interferences, the fatty layer and the somatic cells were removed from the milk samples. Briefly, sample aliquots (1 ml) were centrifuged at 11,000g for 15 min at 4°C, the intermediate aqueous phase was collected and stored at −20°C until analysis. Every assay was run in duplicate according to the manufacturer’s instructions using the same reagents’ batches and equipment; standard curves were performed for each analyte in every assay. All the concentrations were expressed as nanograms per liter (ng/L), except IP-10, VEGF, TGFβ2, EGF, and Groα, which were expressed as micrograms per liter (μg/L).




Statistical Analysis

Demographic data with normal distribution were presented as the mean and standard deviation (SD). Regarding immune factors, normality of data distribution was examined through visual inspection of histograms and Shapiro-Wilks tests, both evidencing a non-normal distribution for all tested parameters (ρ < 0.05). Accordingly, nonparametric statistical analyses were performed, and data were expressed as the median and interquartile range (IQR). Immune factor concentrations were logarithmically transformed prior to statistical analysis. Differences in the relative abundance of the immune compounds were compared by Wilcoxon rank test and Mann-Whitney U test. To compare multiple comparisons, Bonferroni-adjusted post hoc significance levels were performed. Fisher’s exact probability test was performed to compare the frequency of detection of different immunological compounds. Significance was declared at ρ < 0.05 for all analyses. All analyses were performed with the R software version 4.0.3 (R-project, http://www.r-project.org). For the purpose of this report, immune factor concentration on one of the milk samples obtained during week 1 (day 3 to day 6) and week 5 (beyond day 28) postpartum were used for comparisons.




Results

During the study period a total of 141 term-pregnant women who fulfilled eligibility criteria were approached. Of them, 37 study group and 45 control group women were included in the final analyses. Details on participants’ chart flow and reasons for exclusion are described in Figure 1.




Figure 1 | Flow diagram of participants. IC, informed consent; Invalid samples, non-availability of all samples to be compared, inadequate sample identification or conservation.



No differences in maternal age [33.9 (5.4) vs 34.5 (5.1) years, p=0.612], previous maternal health problems prevalence (19% vs 13%, p= 0.493, only 1 case of obesity in study group), rates of vaginal delivery (73% vs 89%, p= 0.064), gestational age at birth [39.1 (1.8) vs 39.1 (1.6) weeks, p= 0.852], or birth weight [3187 (543) vs 3240 (469) grams, p= 0.639] between study and control group were found.

By hospital protocol, nasopharyngeal PCR was performed at 24 h and at 36 to 48 h from birth on infants of positive SARS-COV-2 mothers, resulting negative in all cases. None of infants of mothers in study and control group presented clinical signs of SARS-COV-2 infection in the first month of life.

Among the study group, 21 (56.8%) women presented mild SARS-CoV-2 infection related symptoms, consisting of fever (48%), anosmia (48%), cough (43%), ageusia (14%), odynophagia (10%), myalgia (10%), diarrhea (10%), or headache (5%). Nineteen (51.3%) received medication (anticoagulation, antibiotics, hydroxychloroquine, oxygen therapy) around labor. Serological analyses of control women were negative.


RT-PCR Assays

Nasopharyngeal RT-PCR tests were serially conducted in 30 of the 37 SARS-CoV-2–positive women [four samples (1 per week), n=25; three samples (weeks 1–3), n=5; no samples, n=7]. Nasopharyngeal RT-PCR tests attained negative results at week 2 (n=7, 23.3%), at week 3 (n=9, 30%), and at week 4 (n=9, 30%) postpartum and remained positive at the last sample that was tested in 5 (16.6%) participants (3 at week 3, and 2 at week 4).

All human milk samples analyzed were negative for SARS-CoV-2 RNA as assessed by RT-PCR.



Immunological Assays in Breastmilk Samples

All of the 30 immunological factors that were searched for in breastmilk could be detected in, at least, some of the milk samples. IFN-γ, IL-8, IL-12(p70), IL-17, IP-10, MIP-1β, TNF-α, VEGF, TGFβ2, EGF, and GROα displayed the highest frequencies of detection (100% of the samples), closely followed by eotaxin, G-CSF, IL-1β, IL-1ra, IL-2, IL-4, IL-6, IL-7, IL-9, and RANTES, which were detected in >95% of the samples. In contrast, IL-5 and IL-15 were the least frequently detected compounds (≤70% of the samples). No differences were observed between samples collected in week 1 or week 5 postpartum, with the exception of GM-CSF, which frequency of detection in week 1 (79%) was lower than that in week 5 (90%) (p=0.047).


Breastmilk Cytokine Pattern

Table 1 displays concentration of cytokines in breastmilk samples. IFN-γ, IL-1ra, IL-4, IL-6, IL-9, IL-13, and TNF-α showed higher concentrations in study than in the control group at both sampling times. In addition, IL-1β and IL-2 at week 5 postpartum were higher in breastmilk samples of the study group.


Table 1 | Concentration (ng/l) of cytokines in milk samples of study and control group women over time.



Evolution of cytokine concentration on breastmilk samples over time showed no differences in the study group women, with the exception of IFN-γ, IL1ra, IL4, IL9 that significantly decreased between week 1 and week 5 postpartum. In the control group women, all the tested cytokines decreased over time, with the exception of IL10, IL12, and IL13 that remained stable. Time of nasopharyngeal swab to become negative influenced the cytokines pattern in breastmilk (Figure 2).




Figure 2 | Concentration (log) of cytokines in breastmilk of study group women according to the moment in which the nasopharyngeal test becomes negative (pooling samples obtained at weeks 1 and 5). Cytokine concentrations were significantly higher in breastmilk samples of mothers whose RT-PCR remained positive at postpartum week 3 (dark blue box) compared with the control group. Trends also pointed toward higher concentrations in the former compared with those who became negative sooner, within the first 2 postpartum weeks (yellow box). The values are expressed as log10 of the concentrations (ng/L). Statistical differences on pairwise post hoc comparisons between the study and control groups are indicated with an asterisk (*p < 0.05; **p ≤ 0.01; ***p ≤ 0.001, Wilcoxon rank test, Bonferroni post hoc test).





Breastmilk Chemokine Pattern

Table 2 displays concentration of chemokines in breastmilk samples. Eotaxin, IP-10, MIP-1α, and RANTES showed higher breastmilk concentration among the study group than in the control group at week 1 postpartum; at week 5, the concentration of chemokines, except for GRO-α, was significantly higher in breastmilk samples of the study group than in the control group.


Table 2 | Concentration* of chemokines in milk samples of study group and control group women over time.



Concentration of chemokines decreased over time, it being statistically significant for most of them in the study group and for all tested chemokines in the control group. Time of nasopharyngeal swab to become negative influenced the chemokines pattern in breastmilk (Figure 3).




Figure 3 | Concentration (log) of chemokines in breastmilk of study group women according to the moment in which the nasopharyngeal test becomes negative (pooling samples obtained at weeks 1 and 5). Chemokyne concentrations were significantly higher in breastmilk samples of mothers whose RT-PCR remained positive at postpartum week 3 (dark blue box) compared with the control group. Trends also pointed toward higher concentrations in the former compared with those who became negative sooner, within the first 2 postpartum weeks (yellow box). The values are expressed as log10 of the concentrations (ng/L), with the exception of IP-10 (μg/L). Statistical differences on pairwise post hoc  comparisons between the study and control groups are indicated with an asterisk (*p < 0.05; **p ≤ 0.01; ***p ≤ 0.001, Wilcoxon rank test, Bonferroni post hoc test).





Breastmilk Growth Factor Pattern

Table 3 displays concentration of growth factors in breastmilk samples. Overall, concentrations of growth factors were higher in the breastmilk samples of the study group compared with the control group women. The differences were statistically significant for basic FGF, GM-CSF, IL7, and PDGF-BB at week 1 postpartum, and for all of them, with the exception of IL-5 and EGF, in the samples collected at week 5.


Table 3 | Concentration* of growth factors in milk samples from study group and control group women over time.



Most growth factor concentrations remained stable over time in study group; in contrast, concentrations of basic FGF, G-CSF, VEGF, TGF-β2, and EGF significantly decreased from week 1 to week 5 postpartum in the control group breastmilk samples. Time of nasopharyngeal swab to become negative influenced the growth factor pattern in breastmilk (Figure 4).




Figure 4 | Concentration (log) of growth factors in breastmilk of study group women according to the moment in which the nasopharyngeal test becomes negative (pooling samples obtained at week 1 and 5). Growth factors concentrations were significantly higher in breastmilk samples of mothers whose RT-PCR remained positive at postpartum week 3 (dark blue box) compared with the control group. Trends also pointed toward higher concentrations in the former compared with those who became negative sooner, within the first two postpartum weeks (yellow box). The values are expressed as log10 of the concentrations (ng/L). Statistical differences on pairwise post hoc comparisons between the study and control groups are indicated with an asterisk (*p < 0.05; **p ≤ 0.01; ***p ≤ 0.001, Wilcoxon rank test, Bonferroni post hoc test).





Breastmilk Immunological Pattern According to Disease State

Concentration of immune factors in breastmilk samples in the SARS-CoV-2–positive women depending on the presence or not of COVID-19-related symptoms did not show relevant differences, neither in the first sampling time (lower IL-12 in symptomatic than in asymptomatic women, p<0.01) nor in the second (higher IL-15 (p<0.01) and lower GM-CSF (p<0.03) in symptomatic women).





Discussion

This study confirms that in the asymptomatic or non-severe infected pregnant woman, breastmilk samples do not carry SARS-CoV-2 RNA. These results coincide with those found in previous studies (1–3, 7, 24–26), although a very low rate of positive milk samples (4) or isolated case reports (27–31) have also been published. This information is crucial as neonatal infection by SARS-CoV-2 is uncommon and usually asymptomatic (32–34). The lack of viral RNA in breastmilk supports its safety, and it is in accord with recent epidemiological data, as several small observational studies reported on the absence of infection in infants fed by breastmilk of SARS-CoV-2 positive woman (35, 36) or inadvertently fed with SARS-CoV-2 RNA-positive milk (29).

SARS-CoV-2 RNA seems to be widespread on surfaces from COVID-19 patient rooms (37) and, also, on the breast skin of lactating mothers (3). This suggests that milk samples may become contaminated with viral RNA when a mother and/or her neonate are positive; therefore, caution should be extreme to avoid contaminations when performing SARS-CoV-2 assessments of human milk. In addition, it must be highlighted that RT-PCR assays can only detect viral RNA but not viable infectious viruses. A detailed virological assessment of some COVID-19 cases showed that, although high concentrations of viral RNA were found both in pharyngeal and fecal samples, the virus itself could be readily isolated from throat or lung samples but not from the fecal ones (38). A study involving 64 milk samples from 18 women who had confirmed SARS-CoV-2 supported this affirmation. Only one sample had a detectable level of viral RNA but no replication-competent virus was detectable in any sample, including the sample that was positive for SARS-CoV-2 RNA (2). To date, no study has described presence of infectious SARS-CoV-2 in colostrum and milk.

The second objective of this study was the profiling of cytokines, chemokines, and growth factors in the milk samples. Overall, the concentrations of most of the immune factors analyzed were higher in the samples of positive women than in those of negative ones. This activation of innate and adaptative immune response constitutes the first line of defense against viral infections (16–18, 39).

A study involving the assessment of immunological compounds in milk produced by healthy women, found a higher co-occurrence of immune factors and higher TNFα to IL10 ratios in milk samples from healthy women with a higher level of exposure to microorganisms (40). In our study, the same was observed in the milk of SARS-CoV-2-positive women, a finding which is consistent with a wider plasticity of the immune responses.

Concentrations of most of the immune factors analyzed remained stable over time in SARS-CoV-2-positive women milk samples. In contrast, most of these compounds significantly decreased from the first to the fifth week postpartum in negative women. Previous studies have reported notably higher concentrations of several cytokines, chemokines, growth factors, and immunoglobulins in colostrum than in mature milk (13, 41–44). Although this could simply be a physiological response from the mother to infection and not enough proof for it to be protective, our findings could also suggest that, in the presence of a viral infection, the immunological profile of human milk may be adapted to provide additional infant’s protection against the maternal infection. Evidences for an immunological cross-talk between mothers and their breast-fed infants during infections, including severe viral respiratory infections, have already been provided (45, 46). In our study, positive women were either asymptomatic or suffered mild disease, therefore the evolutive profile of immunological compounds in breastmilk was related to the time when RT-PCR swabs became negative, as a marker of disease state. Mothers who later became negative for nasopharyngeal RT-PCR presented persistently higher levels of several immunological factors. This immunological profile has been described in COVID19 pathophysiology related to the severity of the infection (16–18, 39). Of note, all the newborns in the study and control group remained free of clinical signs of SARS-COV-2 infection in the first month of life.

In this study, VEGF, TGF-β2 and EGF were the most abundant growth factors found in the milk samples, independently of the SARS-CoV-2 status or the sampling time, the concentration being 50- to 100-fold higher, coinciding with those detected in healthy women as reported in a previous study (40). These three immune compounds play critical roles in infants’ health and development, including protection against infectious diseases, modulation of inflammatory processes, and establishment of food tolerance (12, 40, 47–49).

This study has several limitations. There is a lack of comparison between serum and milk immune factors profile, and the antibody levels were not assayed. The distinct profile in immune compounds in breast milk of SARS-CoV-2 positive women could not be translated into effective gastrointestinal absorption and in a functional form to impact the infant immune system. Follow-up losses in the control group could eventually modify the results. Finally, the analysis of the immune compounds was limited to two milk samples, with an interval of approximately 1 month. We took this decision after confirmation of the lack of viral RNA in any of the milk samples over time. Therefore, we considered that the observation period was adequate to see eventual evolution of the immune compounds related to mother’s infection status. On the other hand, a strength of this work is the huge variety of compounds that have been analyzed, and the systematic approach to both SARS-CoV-2 documented infection and control women.

In summary, the results of this study provide additional evidence to the safety of breastfeeding in SARS-CoV-2 infected women, as RNA was not detected in any of the milk samples tested throughout the observation period. Our results also suggest that the immune system of the infected women reacted efficiently against SARS-CoV-2 as a distinct pattern of cytokines, chemokines, and growth factors was observed in the milk samples of infected women, that persisted over time. However, this cannot be directly extrapolated to a beneficial effect in the infant. More studies are required to elucidate if this pattern only reflects the inflammatory status of the mother or if it may be linked to the development of an integration of the mother-infant immune systems, being especially suitable to protect recipient child.
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The maternal decidua is an immunologically complex environment that balances maintenance of immune tolerance to fetal paternal antigens with protection of the fetus against vertical transmission of maternal pathogens. To better understand host immune determinants of congenital infection at the maternal-fetal tissue interface, we performed a comparative analysis of innate and adaptive immune cell subsets in the peripheral blood and decidua of healthy rhesus macaque pregnancies across all trimesters of gestation and determined changes after Zika virus (ZIKV) infection. Using one 28-color and one 18-color polychromatic flow cytometry panel we simultaneously analyzed the frequency, phenotype, activation status and trafficking properties of αβ T, γδ T, iNKT, regulatory T (Treg), NK cells, B lymphocytes, monocytes, macrophages, and dendritic cells (DC). Decidual leukocytes showed a striking enrichment of activated effector memory and tissue-resident memory CD4+ and CD8+ T lymphocytes, CD4+ Tregs, CD56+ NK cells, CD14+CD16+ monocytes, CD206+ tissue-resident macrophages, and a paucity of B lymphocytes when compared to peripheral blood. t-distributed stochastic neighbor embedding (tSNE) revealed unique populations of decidual NK, T, DC and monocyte/macrophage subsets. Principal component analysis showed distinct spatial localization of decidual and circulating leukocytes contributed by NK and CD8+ T lymphocytes, and separation of decidua based on gestational age contributed by memory CD4+ and CD8+ T lymphocytes. Decidua from 10 ZIKV-infected dams obtained 16-56 days post infection at third (n=9) or second (n=1) trimester showed a significant reduction in frequency of activated, CXCR3+, and/or Granzyme B+ memory CD4+ and CD8+ T lymphocytes and γδ T compared to normal decidua. These data suggest that ZIKV induces local immunosuppression with reduced immune recruitment and impaired cytotoxicity. Our study adds to the immune characterization of the maternal-fetal interface in a translational nonhuman primate model of congenital infection and provides novel insight in to putative mechanisms of vertical transmission.
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Introduction

Successful maintenance of pregnancy requires a balance between sustaining an immune tolerant state to prevent rejection of foreign paternal-origin fetal antigens and at the same time protect the fetus against vertical transmission of microbial pathogens (1). The maternal-fetal interface is a rich and complex immune environment essential to fetal growth and survival that consists of maternal decidual tissue and fetal-origin cells such as placental trophoblasts, endothelial cells and Hofbauer cells (2, 3). The decidua contains a myriad of immune cells including antigen-presenting cells (DC and macrophages), stromal cells, NK cells, neutrophils, mast cells, regulatory T (Treg) cells, and adaptive T lymphocytes that are geared towards a dual role of establishing a tolerogenic environment conducive to placental embedding while maintaining local immunity against infections (1, 4, 5). Decidual leukocytes are phenotypically and functionally distinct from peripheral blood and change with gestational age. Most of the data in humans are from first trimester pregnancy with fewer studies in the second or third trimester (6–8). Studies in the first trimester of pregnancy in humans have shown that NK cells account for 50-90% of the decidual leukocyte population and predominantly have a CD56bright CD16– phenotype (7, 9). Despite the presence of cytolytic granules, decidual NK are poorly cytotoxic and differ from circulating NK cells in their functionality, expression of inhibitory and cytotoxicity receptors, and at the level of gene expression (7, 10–13). A similar dominant population of CD56+ NK cells has been described in rhesus macaque decidua (14–16). Along with decidual NK cells, Tregs and macrophages play a key role in maintaining an anti-inflammatory environment in the decidua (17, 18). Among adaptive immune subsets, CD3+ T lymphocytes constitute 5-20% of the decidual leukocyte population in early pregnancy and increase with gestational age; in contrast, B lymphocytes are rare (6, 19). Decidual T lymphocytes are enriched for differentiated CD8+ effector memory T cells that have reduced cytotoxic granule content and a transcriptional profile of exhaustion and activation genes distinct from circulating effector memory CD8+ T lymphocytes (20, 21). Decidual CD8+ T cells are also key players in recognition of foreign antigen and have been shown to contain fetal-specific CD8+ T cells (22–25). It is not known however whether decidual CD8+ T lymphocytes mount an antigen-specific response against pathogens; one study demonstrating decidual CD8+ T cells binding to EBV-specific tetramers was not conclusive (26, 27). Although the maternal-fetal interface has been extensively investigated for mechanisms underlying preterm birth and preeclampsia, relatively little is known about factors that prevent or allow maternal-fetal transmission of pathogens. We are using the rhesus macaque nonhuman primate (NHP) model to study factors predisposing to placental transmission of congenital infections such as cytomegalovirus (CMV) and Zika virus (ZIKV) (28–30).

Important similarities in placental biology make NHPs a suitable animal model to study vertical transmission of pathogens. Rhesus macaque placentation resembles humans in consisting of a hemochorial placenta with trophoblast invasion of the uterine wall (31, 32). However, macaque placentation is less deep with trophoblast invasion restricted to spiral arteries in the decidua and only occurring via the endovascular route (33). Macaque extravillous trophoblasts express the HLA-G ortholog, Mamu-AG, which has features of a nonclassical MHC class I molecule and was shown to be a ligand for the inhibitory killer immunoglobulin-like receptor Mamu-KIR3DL05 (34, 35). A recent transcriptomic analysis of human and macaque placenta revealed that the majority of human placental marker genes were shared between the two species, further validating the relevance of the NHP model (36). Of particular interest to the current study are the immune determinants at the maternal-fetal interface that protect against vertical transmission. A single-cell transcriptomics study of normal human pregnancy demonstrated the complexity of the immune populations in the maternal-fetal interface (37). The maternal-fetal interface of NHPs is less well delineated. Currently data are lacking on the decidual T lymphocyte phenotype, presence of nontraditional T cells, NK cell subsets, B cells, and myeloid cells in rhesus macaques across different gestational ages and their comparison to peripheral blood. The aim of this study was to conduct a comprehensive analysis of the immune composition of decidual and circulating leukocytes in normal rhesus macaque pregnancies throughout gestation and investigate changes in congenital infection. To this end we developed one 28-color and one 18-color flow cytometry panel to simultaneously analyze multiple innate and adaptive immune subsets in the decidua and blood of healthy rhesus macaques in the first, second and third trimester of pregnancy. We compared the frequency, phenotype, function and trafficking properties of decidual leukocytes with that of circulating leukocytes. In addition, we correlated changes in the decidual leukocyte composition with increasing gestational age. We then investigated changes following ZIKV infection in pregnancy by comparing normal decidua with decidual leukocytes and peripheral blood mononuclear cells from a previously reported study on ZIKV infection in pregnant rhesus macaques (29).



Materials and Methods


Animals and Study Design

Rhesus macaque dams of Indian ancestry from the Tulane National Primate Research Center (TNPRC) and the Oregon National Primate Research Center (ONPRC) were used for this study. All macaques were from the specific pathogen free (SPF) colonies of the respective primate centers. SPF macaques are CMV-seropositive but free of SIV, STLV, Type D retrovirus, and herpes B virus. At both institutions all animal procedures were performed according to approved Institutional Animal Care and Use Committee protocols. Peripheral blood (n=24) and decidua (n=11) from normal pregnant dams aged 3.6-17.0 years (mean=7.7 years, median=6.7 years) were collected for cross-sectional analysis of first, second, and third trimester gestation (Table 1). Information regarding timed-mating, housing, and mode of sampling are detailed in Supplemental Table 1. Decidua was obtained in 1st trimester from day 44-50 gestation (n=3), 2nd trimester at day 100 gestation (n=3), and 3rd trimester from day 130-167 gestation (n=5) (Supplemental Table 1).


Table 1 | Description of study cohort.



Blood and decidua were also collected close to or at the time of Caesarian section (C-section) from a cohort of ZIKV-infected dams (n=10) enrolled in a separate previously published study (29). The group consisted of pregnant Indian-ancestry rhesus macaques inoculated subcutaneously with a single dose of 1x104 PFU ZIKV Rio-U1 at the first (n=1), second (n=3), or third trimester (n=6) gestation followed by C-section and decidua collection at 2nd or 3rd trimester gestation (Table 1 and Supplemental Table 2). Peripheral blood was obtained 5-41 days post ZIKV infection while placenta was collected at the time of study C-section or spontaneous abortion which ranged from 16-56 days post ZIKV infection (Supplemental Table 2). One decidua was collected in the second trimester at 64 days gestation age while the remaining 9 decidua samples were collected in the third trimester at 142 to 157 days gestation age (Table 1 and Supplemental Table 2).



Isolation of Leukocytes From Blood and Decidual Tissue

Peripheral blood mononuclear cells (PBMC) were isolated from blood collected in anticoagulant EDTA or heparin tubes by density gradient centrifugation with Lymphocyte Separation Medium (LSM; MP Biomedicals) or Lymphoprep (Stemcell Technologies). Isolated PBMC were cryopreserved using serum-free Bambanker cryopreservation media (Bulldog Bio) and stored in liquid nitrogen until use.

Following C-section, decidua from ONPRC study animals was dissected from the maternal side of the placenta and shipped overnight to TNPRC in R10 media (RPMI supplemented with Hepes, L-glutamine, and 10%FBS) on ice for decidual leukocyte isolation. Placental samples collected at TNPRC were immediately processed for decidual leukocyte isolation. Blood clots were removed from the maternal side of the placenta and decidual tissue carefully dissected away from the placenta. Visible blood vessels were removed and decidual tissue pieces were then washed extensively with sodium chloride 0.9% (Hanna Pharmaceutical Supply Co.) to remove any debris and remaining blood. Clean decidua was dissected into 2 mm2 pieces and subjected to three rounds of digestion by shaking at 60 RPM at 37°C for 30 minutes in digestion media containing 0.1mg/mL DNAse I (Millipore Sigma 11284932001) and collagenase IV 1 mg/mL (Millipore Sigma C5138-100MG). Released cells in solution were collected in between each digestion and washed. After the last digestion, residual cells were passed repeatedly through a sterile 18-gauge animal feeding needle (Fisherbrand™) for gentle mechanical sheering before straining through sterile 70μm filters. Cells from each digestion were pooled. The resulting single cell suspension was layered over a density gradient LSM (MP Biomedicals) and spun at 1500 rpm for 45 minutes with no brakes. Lymphocytes were carefully collected from the top layer, washed, and cryopreserved in DMSO supplemented with 90% FBS or in serum-free Bambanker cryopreservation medium (Bulldog Bio).



Phenotyping by Multicolor Flow Cytometry

Two flow cytometry panels were used to phenotype the leukocytes, one adaptive 28-color panel, and one innate 18-color panel (Supplemental Table 3). In the same batch experiment, decidual leukocytes and PBMC from normal and ZIKV-infected animals were gently thawed using standard protocols supplemented with 17.5µg/mL DNAse I (Millipore Sigma 11284932001). 1-3 million live lymphocytes were used for staining. Briefly, cells were stained with live/dead discriminating dye for 20min at room temperature (RT). Cell suspensions were washed with 2% FBS/PBS buffer and the 28-color panel was stained sequentially with anti-Vα24-PE and BV421-CD1d tetramer first (20 minutes incubation at RT), followed by addition of the chemokine receptor antibodies anti-CCR5-BUV737 and anti-CXCR3-PE-Cy7 (20 minutes incubation at 37°C), and finally by addition of the chemokine receptor antibodies anti-CCR4-BV510 and anti-CCR6-BV650 (20 minutes incubation at 37°C) with no washes in between. Last, the remaining surface cocktail was added and the tubes incubated for 20 minutes at RT with antibodies outlined in Supplemental Table 3. Cells were then washed with 2% FBS/PBS prior to incubating with BD Cytofix/Cytoperm™ solution (BD Biosciences) for 20 minutes at RT followed by washing with BD Perm/Wash™ buffer (BD Biosciences). Intracellular antibodies were then added for a 20-minute incubation at RT. The 18-color panel was stained using the same applicable steps. Cells were fixed with Stabilizing Fixative (BD Biosciences; Cat# 338036) and acquired the next day on the BD FACSymphony A5 and BD LSRFortessa X-20 using BD FACSDiva version 9.1 and 9.0 respectively. A mean of 244,000 (50,000 to 718,000) Time/CD45+/Live events were collected. FMO controls included in the experiments were BB700-PD-1, BV650-CCR6, PE-Cy7-CXCR3, AL647-CX3CR1, PE-Vα24, and APC-NKG2D. Single color controls were acquired in all experiments and compensation and analysis was performed in FlowJo software v10.7 (BD Biosciences).



Data Analysis

Flow cytometry data was analyzed using FlowJo v10.7 (BD Biosciences). Statistical analysis was performed using GraphPad Prism version 9.0.1 (GraphPad Software Inc.) and R (CRAN). tSNEs were calculated in FlowJo using the default settings for opt-SNE. An equal number of cells per tissue were used when analyzing PBMC versus decidua in uninfected animals. An equal number of cells per condition were used when analyzing ZIKV-infection versus uninfected decidua. Boxplots and tSNE renderings were created using the tidyverse and ggpubr packages in R. Data throughout the result section are reported as mean ± standard deviation (SD) unless noted.




Results


Circulating and Decidual Leukocyte Composition in Normal Pregnancy

To examine immune cell populations at the maternal-fetal interface in normal rhesus macaques, we conducted a cross-sectional analysis of first (n=3), second (n=3), and third (n=5) trimester decidua obtained at the time of C-section in healthy pregnancy and compared it with blood obtained from gestation-matched healthy, uninfected dams experiencing normal pregnancies (Table 1). PBMC and decidual leukocytes were evaluated with two flow cytometry panels, one 28-color panel focused on adaptive immunity, and one 18-color innate cell focused panel (Supplemental Table 3). T lymphocytes, NK cells, B lymphocytes, and cells of the myeloid lineage were enumerated using the gating strategy in Figures 1A–C. Definitions used in this study for each analyzed cell type in the two flow panels were based on markers in NHPs that are equal to their human counterparts (Table 2). For example, NK cells which are CD3– CD16bright CD56dim or CD16–/dim CD56bright in humans are defined as CD3– HLA-DRlo/– CD8+ in rhesus macaques (38). T lymphocytes were the predominant leukocytes in both PBMC (mean ± SD; 48.0 ± 14.7%) and decidua (54.2 ± 12.6%) but not significantly different between the two compartments (Figures 2A, B). NK cells were significantly increased in the decidua with ~3-fold greater frequency compared to PBMC, and were highest in the 2nd trimester (Figures 2A, B). No relationship between NK cells and gestational age was found in the decidua (Supplemental Figure 1). B lymphocytes were close to absent in decidual tissue in contrast to PBMC where they made up 25.3 ± 10.8% of the live CD45+ leukocytes (Figures 2A, B). In the myeloid antigen presenting compartment, which was defined as CD3– CD20– CD8lo/-HLA-DR+ (Table 2), a population of CD14+ tissue macrophages expressing both CD163+ and CD206+ were found in the decidua (Figures 2C, D). This population was virtually absent in PBMC (0.1 ± 1.2%) but represented 28.1 ± 14.7% of HLA-DR+ leukocytes in the decidua (Figure 2D). CD14+ CD163+ CD206– myeloid cells were found in PBMC and decidua at 54.1 ± 25.8% and 18.3 ± 12.8% respectively of myeloid HLA-DR+ expressing cells (Figure 2D). These cells are a mix of classical and intermediate monocytes in the PBMC and recently infiltrated monocytes and macrophages in tissues (39, 40). CD14+ CD163– CD206– cells were significantly increased in the decidua compared to PBMC (Figure 2D). Plasmacytoid DC (pDC) frequency ranged between 0.3 to 14.7% of HLA-DR-expressing cells in decidua but were not significantly different from PBMC (Figure 2D). CD14– CD123– HLA-DR+ leukocytes, which can be either conventional DCs or CD14– CD16+ non-classical monocytes in circulation, were similar between PBMC and decidua (34.4 ± 21.3% and 29.8 ± 15.8% respectively of HLA-DR-expressing cells).




Figure 1 | Gating strategy of decidual leukocytes and PBMC in normal rhesus macaques. (A) Gating strategy in 28-color panel to identify αβ T cells, NK cells, B cells, myeloid cells (HLA-DR+ CD20-), iNKTs, γδ T cells, Tregs. (B) Gating strategy in CD4+ T and CD8+ T to delineate the naïve memory T cells subsets of CM, Tem, EM, and TEMRA. (C) Gating strategy of chemokine receptor expression.




Table 2 | Flow cytometric definition of cell types.






Figure 2 | Leukocyte composition of PBMC and decidua in normal rhesus macaques. (A) Comparison of relative proportions of the CD45+ leukocytes in decidua and PBMC. (B) Frequency of total T lymphocytes, NK cells, and B lymphocytes in PBMC and decidua during the first (yellow), second (red) and third trimester (blue) of pregnancy in normal rhesus macaques. (C) Comparison of relative proportions of the myeloid cells (CD3-CD20-HLA-DR+) in decidua and PBMC. (D) Frequency of myeloid cells (CD3-CD20-HLA-DR+) in PBMC and decidua of monocyte/macrophages subsets, and dendritic cells (DC). P-values <0.05 (unpaired t-test) shown on the plots.



To further probe differences and assess global changes of PBMC vs. decidua that may have been missed during manual gating, we performed an unbiased clustering analysis by t-distributed stochastic neighbor embedding (tSNE) using CD45+ live+ single cells in the 28-color panel focused on T, NK, and B cells. There were clear differences in leukocyte populations between sample types (Figure 3). Gradients colored by MFI depicted distinct CD3+ CD4+ (clusters 3 and 6) and CD3+ CD8+ T cells (clusters 8, 9, and 10) between the circulation and the decidual T cells (Figure 3). The near absence of B cells in decidua observed by manual gating was confirmed by the cluster of HLA-DR+ CD20+ (cluster 2) events only found in PBMC (Figure 3). CD95/Fas receptor, a marker of T cell memory in NHPs, was found in cluster 9, representing CD8+ T cells, which was predominantly found in the decidua. Granzyme B was found in both tissues but in different clusters which represented unique types of NK cells (Figure 3). An additional 17 more markers used to perform the tSNE algorithm are found in Supplemental Figure 2.




Figure 3 | tSNE analysis of PBMC and decidua in normal rhesus macaques. (A) tSNE plot representing an equal number of CD45+/live/single cell/leukocytes from decidua (n = 9) and PBMC (n = 24) of normal pregnant rhesus macaque samples. The 28-color adaptive panel was used to generate this plot. Blue gates were manually drawn based on clustering patterns. (B) Individual MFI gradients of nine markers on the tSNE map. Red coloring represents high MFI and blue coloring represents low MFI. Remaining gradients are found in Supplemental Figure 2.





Classical and Unconventional T Lymphocytes Distribution in PBMC and Decidua

αβ T and γδ T cells were distinguished by expression of the pan-γδ T cell marker on total CD3+ T lymphocytes (Figure 1A). In classical αβ T lymphocytes, the CD4+ T cells were reduced in decidua compared to PBMC from 37.4 ± 12.0% to 20.7 ± 4.1% (Figure 4A). Consistent with human data, CD8+ T cells were the dominant T lymphocyte population in macaque decidua and present at significantly higher frequencies (63.1 ± 7.4%) compared to PBMC (47.5 ± 11.6%) (6, 19). No significant differences were found in double-positive (DP) or double-negative (DN) T cells (Figure 4A). In the non-classical T lymphocyte subset, γδ T cells were increased in decidua compared to PBMC but did not reach statistical significance unless only third trimester animals were compared (two-tailed unpaired t-test, p-value = 0.0008) (Figure 4A).




Figure 4 | T lymphocyte composition in PBMC and decidua from first to third trimester in normal pregnant rhesus macaques. (A) Frequency of conventional and innate T cells in first (yellow), second (red) and third trimester (blue) of pregnancy in PBMC and decidua of normal rhesus macaques. (B) CD4+ T and CD8+ T naive and total memory. (C) CD4+ T memory subsets. (D) CD8+ T memory subsets. P-values <0.05 (unpaired t-test) shown on the plots.



Among unconventional T lymphocytes, we evaluated invariant natural killer T (iNKT) cells. iNKT are an innate subset of T lymphocytes that respond to glycolipid antigens presented on CD1d molecules. These cells have been reported in human decidua but there are no data in NHPs (41, 42). Here, we sought to identify their presence in rhesus macaque decidua using the stringent identifying criteria of Vα24 TCR-expressing T lymphocytes binding to α-galactoslyceramide (αGC)-loaded CD1d tetramers (41–44). A detectable but sparse population of iNKTs with frequencies ranging between 0.036 to 0.918% of CD3+ T lymphocytes were detected in 6 of 9 decidua samples and at frequencies ranging between 0.005 to 4.4% in 17 out of 24 PBMC samples. We did not detect any difference in iNKT frequency between PBMC and decidua (Figure 4A).

In agreement with data from humans (6, 19), the decidua had a significantly increased frequency of CD4+ T regulatory cells (Tregs) when compared to PBMC (Figure 4A). In this study, CD4+ Tregs were defined based on low CD127 expression on CD25hi CD4+ T lymphocytes, a population that has previously been shown in both humans and macaques to be FoxP3-positive and display Treg functionality of suppressive activity (45). Tregs accounted for 7.9 ± 5.5% of decidual CD4+ T lymphocytes while they were present in only 0.5 ± 0.4% of circulating CD4+ T lymphocytes. If assessed as a fraction of T cells, Tregs were 1.7 ± 1.4% in decidua and 0.2 ± 0.2% in PBMC. Decidual Tregs increased with gestation as a positive correlation (R2 = 0.5392, p-value = 0.0243) between Treg frequency and days of gestation was detected (Supplemental Figure 1).



Memory CD4+ and CD8+ T Lymphocytes in PBMC and Decidua

Using a combination of CD95, CD28, CCR5, CD45RA, CD69, and CD103 we delineated naïve (CD95– CD28+ CD45RA+) and five populations of CD95+ memory CD4+ T or CD8+ T lymphocytes (Table 2 and Figure 1B). Memory subsets included CD95+ CD28+ CCR5–CD45RA– central memory (CM), CD95+ CD28– CCR5+/– CD45RA– effector memory (EM), CD95+ CD28+ CCR5+ CD45RA–transitional effector memory (Tem), CD95+ CD28– CCR5+/– CD45RA+ terminally differentiated effector memory (TEMRA), and CD95+ CD69+ CD103+ tissue-resident memory (Trm).

The decidua exhibited a distinct phenotype of memory cells and a near absence of naïve cells (Figure 4B). The majority of CD4+ T memory lymphocytes in decidua and PBMC were CM but PBMC had an increased frequency of CM CD4+ T compared to decidua, whereas decidua had higher frequencies of EM and Tem CD4+ T lymphocytes (Figure 4C). CD4+ Trm were present at a small frequency of 0.7 ± 0.5% of CD4+ memory while no cells of this phenotype were found in PBMC (Figure 4C). Effector memory (EM) constituted the predominant subset of CD8+ T memory lymphocytes in decidua at a frequency of 67.0 ± 13.4% that was significantly higher than PBMC. Conversely, in PBMC, the majority of CD8+ memory T cells showed a terminally differentiated TEMRA phenotype of 65.6 ± 16.7%. The decidua had a reduced frequency of CD8+ T CM at 13.1 ± 4.9% compared to 18.7 ± 9.4% in the PBMC, which is similar to what was seen in the CD4+ T lymphocyte memory compartment (Figure 4D). Decidua also had a clear population of CD8+ Trm cells (6.8 ± 5.4%), which was completely absent in the PBMC (Figure 4D).

To evaluate the functional potential of circulatory T cells to those at the maternal-fetal interface, markers related to exhaustion, cytotoxicity, and activation were investigated using the gating strategy shown in Supplemental Figure 3. The exhaustion marker PD-1 was significantly elevated in decidual CD4+ and CD8+ T lymphocytes compared to PBMC with roughly 4-fold higher frequencies of PD-1+ CD4+ or CD8+ T lymphocytes in the decidua (Figures 5A, B). This is similar to what has been observed for effector memory T lymphocytes in humans between PBMC and decidual T lymphocytes (25). Despite high expression levels of PD-1, memory CD4+ and CD8+ T lymphocytes in the decidua were highly activated with significantly increased frequencies of CD69+ and HLA-DR+ cells as compared to PBMC (Figures 5A, B). CD25, a marker of activation, was significantly increased on CD4+ T lymphocytes in the decidua compared to PBMC (Figure 5A).




Figure 5 | Phenotypic characterization of T lymphocyte memory. (A) Phenotype of CD4+ T cell and (B) CD8+ T cell memory by PD-1, Granzyme B, HLA-DR, CD69, and CD25 in first (yellow), second (red) and third trimester (blue) of pregnancy in PBMC and decidua of normal rhesus macaques. (C) Cytotoxic potential in CD8+ T memory subsets by Granzyme B frequency in CM, Tem, EM, and TEMRA. (D) MFI of Granzyme B in CD8+ T memory subsets. (E) Chemokine receptor expression on memory CD4+ and (F) CD8+ T cells. P-values < 0.05 (unpaired t-test) shown on the plots.



To investigate cytotoxic potential, we examined granzyme B expression in memory CD4+ and CD8+ memory T lymphocytes. Although decidual CD8+ memory T cells as a whole had lower frequencies of granzyme B-positive cells compared to PBMC (38.6 ± 9.9 versus 48.4 ± 17.4), these differences did not reach statistical significance (Figure 5B). However, evaluation of memory subsets yielded clear differences between PBMC and decidua. Among circulating CD8+ memory T lymphocytes, TEMRA contained the highest frequency of granzyme B-positive cells (62.0 ± 15.9) followed by EM at 55.5 ± 17.2%, and Tem and CM at <50% (Figure 5C). Comparison between the two compartments showed significantly higher frequency of granzyme B-positive Tem and CM CD8+ T lymphocytes in the decidua compared to PBMC (Figure 5C). No difference was found in CD8+ EM or TEMRA. To further assess granzyme B expression in decidual and PBMC CD8+ T lymphocytes, we measured the median fluorescence intensity (MFI) of granzyme B in the different CD8+ T lymphocyte memory subsets as an approximation of granzyme B content. Across the memory subsets of TEMRA, EM and CM, granzyme B MFI in decidual leukocytes was significantly lower compared to their circulating counterparts (Figure 5D). Therefore, despite similar frequencies of granzyme B-positive cells, the predominant decidual subsets of EM and TEMRA CD8+ T memory have reduced granzyme B content and are potentially less cytotoxic compared to the corresponding memory subsets in circulation. It is noteworthy that the granzyme B content as measured by MFI was significantly lower in decidual CM compared to PBMC CM despite the frequency of granzyme B-positive CM CD8+ T lymphocytes being significantly higher in decidua (Figures 5C, D).

In memory T cells, the trafficking phenotype was also investigated by Th-subset associated receptors CXCR3, CCR6, CCR5, and CCR4 (Figures 1C, 5E, F). Consistent with previous reports in humans (25), decidual memory CD4+ T lymphocytes have an increased frequency of CXCR3 expression in contrast to the peripheral leukocytes from 87.3 ± 7.5% in decidua to 52.7 ± 10.8% in PBMC indicating Th1 skewing (Figure 5E). The same is true for CD8+ T lymphocytes where 90.0 ± 7.6% expressed CXCR3 and only 66.2 ± 13.6% did so in PBMC (Figure 5F). CCR5 was also increased in decidual CD4+ and CD8+ T lymphocytes compared to PBMC. Little to no CCR4 and CCR6 expression was found in the decidua, which was significantly different from PBMC where these chemokines were well-expressed (Figures 5E, F).



γδ T Lymphocytes in PBMC and Decidua

Next, the non-classical T lymphocytes were investigated. There are limited data on γδ T at the maternal-fetal interface. In one study in humans, γδ T cells were shown to be increased in the decidua in contrast to peripheral blood while having a reduced Vδ2 frequency (46). We investigated the frequency, CD4/CD8 phenotype, memory phenotype, and activation status of total γδ T lymphocytes detected by the pan- γδ TCR antibody. We also evaluated γδ T subsets based on TCR chain usage of total γδ T by using NHP cross-reactive antibodies against the Vγ9 TCR and Vδ2 TCR chain.

The majority of both decidual and peripheral blood γδ T lymphocytes were CD8+ or DN for CD4 and CD8 (Figure 6A). They were nearly entirely of a memory phenotype in both PBMC and decidua; however, CD8+ EM predominated in the decidua (42.6 ± 10.0) and TEMRA were most abundant in the PBMC (49.9 ± 14.8%) (Figure 6B). As expected, tissue resident Trm were detected in the decidua (5.5 ± 4.1%) but not in PBMC (Figure 6B). Similar to what was observed in αβ T lymphocytes, total γδ T lymphocytes appeared to be more activated in the decidua. Expression of CD25, CD69 and HLA-DR were significantly increased compared to PBMC, and this was accompanied with a concurrent increase of PD-1 expression in the decidua (Figure 6C). Like the αβ T lymphocytes, there was a significant reduction in the frequency of CCR6-expressing cells in the decidual γδ T cells (Figure 6C).




Figure 6 | γδ T lymphocytes in PBMC and decidua of normal rhesus macaque pregnancies. (A) CD4 and CD8 expression on γδ T lymphocytes in PBMC and decidua in first (yellow), second (red) and third trimester (blue) of pregnancy of normal rhesus macaques. (B) Memory phenotype of γδ T lymphocytes. (C) Phenotype of activation, exhaustion, cytotoxic potential and chemokine receptor expression in γδ T lymphocytes. (D) Representative flow plot of Vγ9 and Vδ2 chains and the Vγ9 and Vδ2 subsets in PBMC and decidua. P-values < 0.05 (unpaired t-test) shown on the plots.



Using the individual gamma and delta TCR chains, four subsets of γδ T cells could be distinguished. The double positive, Vγ9+ Vδ2+ was present at significantly lower frequencies in the decidua compared to PBMC (Figure 6D). The single positive Vγ9+ Vδ2– and Vγ9– Vδ2+ γδ T were minor populations in both PBMC and decidua ranging in frequency from 1.0 to 21.8% of γδ T cells (Figure 6D). The innate-like double negative Vγ9– Vδ2– subset was increased in the decidua, although not significantly (Figure 6D).



Global Analysis of Innate Immune Cells in Decidua and PBMC

To analyze global differences of innate leukocytes of the peripheral blood compared to decidua, we performed a tSNE analysis on the 18-color innate cell panel. Only live CD45+ CD3– CD20–cells were included in the computation. Stark differences could be observed between the PBMC and the decidual cells (Figure 7A). The top half of the tSNE shows clusters 1,2,3,4,5 which consist of NK cells based on their CD8+ and HLA-DRlo/– expression (Figures 7A, B). In decidua, cluster 4 was a dominant cluster of CD16– CD56+ NK cells which was absent in the PBMC tSNE. On the other hand, peripheral blood NK cells like those present in cluster 3 exhibited a CD16+ CD56– or CD16–CD56– phenotype (Figures 7A, B). The lower half of the tSNE expresses HLA-DR+ which by the removal of CD20+ cells in the gating preceding tSNE analysis is consistent with myeloid antigen-presenting cells (APCs). Cluster 8 is the major myeloid APC subset in the decidua which is absent in PBMC and is likely mostly comprised of monocytes or macrophages based on CD14 and CD163 expression (Figures 7A, B). In the PBMC, clusters 7 and 9 are predominant subsets which are rare in the decidua. Based on gradient expression of CD14, CD16, and CD163, cluster 7 is likely classical monocytes based on CD14+ CD16– CD163+ events, while cluster 9 is consistent with intermediate, non-classical monocytes, or conventional DCs (Figures 7A, B). Cluster 10 appears to be a pDC population based on CD123 expression. Four additional markers used to perform the tSNE clustering algorithm are shown in Supplemental Figure 4.




Figure 7 | tSNE of 14 innate cell markers of PBMC and decidual leukocytes in normal pregnant rhesus macaques. (A) tSNE plot representing an equal number of CD45+/live/single cells/CD3-CD20- cells from decidua (n = 8) and PBMC (n = 11) of rhesus macaques experiencing a normal pregnancy. The 18-color innate panel was used to generate this plot. Blue gates were manually drawn based on clustering patterns. (B) Individual MFI gradients of ten markers on the tSNE map. Red coloring represents high MFI and blue coloring represents low MFI. Remaining gradients are found in Supplemental Figure 4.





NK Cells in PBMC and Decidua

The decidual tissue has been reported to be enriched with innate cells such as NK cells in previous non-human primate studies (15). Here, we sought to complement these data by identifying the activation status of innate cells and their unique phenotypes. A distinct phenotype of CD16– CD56+ single-positive NK cells was found to predominate in the decidua (55.3 ± 16.1%), in stark contrast to PBMC where the major NK cell subset identified were CD16+ CD56– cells (48.2 ± 20.2%) (Figures 8A, B). Interestingly, a distinct CD16+ CD56+ population of NK cells was found in the decidual tissue (8.4 ± 5.2%) which was virtually absent in PBMC (Figure 8B). These have been described in human decidua as CD56bright and CD16+/dim NK cells (9). In addition, double-negative CD16– CD56– NK cells were significantly increased in the PBMC compared to decidua (Figure 8B). NKG2A and NKG2D dual positivity also defined a subset of NK cells found almost exclusively in the decidua (62.9 ± 12.1%) (Figures 8C, D). NKG2D+ NKG2A– cells were greatly reduced in decidual NK cells as compared to peripheral NK cells (Figures 8C, D).




Figure 8 | NK cell composition in PBMC and decidua of normal rhesus macaque pregnancies. (A) Representative flow plots of NK cells CD16/CD56 subsets. (B) NK cell subset frequencies in PBMC and decidua first (yellow), second (red) and third trimester (blue) of normal pregnant rhesus macaques. (C) NKG2A/NKG2D flow plots with representative gating of PBMC and decidua. (D) Frequency of NKG2A+NKG2D+ and NKG2A-NKG2D+ NK cells in PBMC and decidua. (E) Granzyme B expression frequency and MFI on NK cell subsets. (F) CD56- vs CD56+ NK cell expression of CXCR3, CX3CR1, CD69 and the CD169 on total NK cells. (G) Representative flow plot of dNK1, dNK2, and dNK3 subsets with box plots showing their frequency in PBMC and decidua. P-values < 0.05 (unpaired t-test) shown on the plots.



To analyze the cytotoxic capacity of these cells, we measured the frequency of granzyme B+ cells as well as the MFI, a proxy of intracellular granzyme B content. The frequency and MFI of granzyme B in the cytotoxic CD16+ CD56– and the double-positive CD16+ CD56+ NK subsets were significantly lower in the decidua compared to PBMC (Figure 8E). Interestingly, the frequency of granzyme B-positive CD16– CD56+ NK cells was significantly higher in the decidua compared to PBMC; however, the granzyme B MFI of this decidual subset was significantly lower as was true of the other decidual NK subsets (Figure 8E). These data show that the dominant decidual CD16– CD56+ NK subset contain high proportions of cytotoxic NK, albeit with less cytotoxicity. It is noteworthy that the frequency of the granzyme B-positive cells in all the NK subsets was highest in third trimester decidua (Figure 8E).

Similar to T lymphocytes, decidual NK cells expressed more CXCR3 in both CD56– and CD56+ subsets compared to PBMC (Figure 8F). We also evaluated expression of CX3CR1, a chemokine receptor which is upregulated in cells that home to sites experiencing endothelial inflammation and is elevated on a subset of memory CD8+ T lymphocytes and myeloid cells (47). We found decreased expression of CX3CR1 on CD56– NK cells of the decidua (47.8 ± 4.6) compared to PBMC (71.1 ± 11.1) but not in CD56+ NK cells where similar expression levels were found (Figure 8F). All of the NK cells in the decidua expressed high levels of the activation marker CD69 ranging from 42.7% to 94.9%, which is similar to levels observed in αβ and γδ T cells (Figures 5A, B, 6C, 8F). In contrast, CD69 expression on peripheral blood NK cells never exceeded 39.3% (Figure 8F). We also evaluated expression of the sialo-adhesin molecule CD169, a marker of activation, which has been previously reported to be present on >60% of CD16+ decidual NK cells in macaques (48). The frequency of CD169+ NK cells was significantly higher in decidua compared to PBMC, but was only found on 0.4-4.4% of total NK cells in our study (Figure 8F).

In a recent single cell RNA sequencing analysis of human first trimester maternal-fetal interface, three NK cells subsets were defined by combinations of NKG2A, NKG2C, CD39, Granzyme B, and CD103 expression (37). These were termed dNK1, dNK2, and dNK3 where dNK1 expressed many HLA-C binding molecules and was the only subset to express LILRB1 that can bind dimeric HLA-G. dNK1 was found to be the subset with most cytotoxic potential by granzyme A, granzyme B, perforin, and granulysin followed by dNK2 and dNK3. We defined dNK1 as NKG2A+, CD39+, granzyme B+ NK; dNK2 as NKG2A+, CD39–, Granzyme B+ NK; and dNK3 as CD103+ granzyme B– NK (Figure 8G). Between the 28-color and 18-color flow panels, we could readily identify all three dNK subsets in decidua samples from the rhesus macaques (Figure 8G). dNK2 was the most common phenotype in both PBMC and decidua while dNK1 and dNK3 were only consistently found in decidua (Figure 8G).



Myeloid Cells in PBMC and Decidua

Using the gating strategy shown in Figure 9A on HLA-DR+ CD3– CD20– CD45+ leukocytes in the 18-color innate panel, we identified a similar proportion of classical monocytes or macrophages (CD14+ CD16–) in PBMC and decidua (Figure 9B). CD14+ CD16+ intermediate monocytes were significantly increased in the decidua while non-classical monocytes and dendritic cells (CD14– CD16+/– CD123–) were found at a higher frequency in the PBMC compared to decidua (Figure 9B). pDCs, which express CD123, were more abundant in the decidua compared to the PBMC, though not significantly. CD14+ CD163+ CD206+ macrophages were detected at high frequency in the decidua (44.7 ± 16.2%) and were not detected in PBMC (Figure 9B). In contrast, single positive CD14+ CD163+ CD206– myeloid cells were predominantly found in the PBMC (84.4 ± 11.3%). Double negative CD14+ CD163– CD206– myeloid cells were highest at the first and second trimester of gestation but were not significantly different between PBMC and decidua (Figure 9B). We also assessed the expression of CD169 and CD69 on myeloid cells to determine their activation status. We found that the decidual classical and intermediate monocytes had an increased expression of CD169 (34.2% ± 21.5% and 70.5% ± 20.7 respectively) compared to PBMC (1.0% ± 1.7 and 11.8% ± 9.4 respectively) (Figure 9C). DC and monocyte/macrophage subsets (HLA-DR+ CD14– CD123–) in decidua also contained significantly higher frequencies of CD69+ and CX3CR1+ cells when compared to PBMC (Figure 9C). These data support increased activation status and migration capability of decidual macrophages and DC populations.




Figure 9 | Phenotype of dendritic cells and monocyte/macrophage in PBMC and decidua of normal pregnant rhesus macaques. (A) Representative flow plot and gating of HLA-DR+ myeloid cells. (B) Frequency of monocyte/macrophage and DC subsets in PBMC and decidua first (yellow), second (red) and third trimester (blue) of normal pregnant rhesus macaques. (C) Phenotype of monocyte/macrophages and DCs with box plots showing their frequency. P-values < 0.05 (unpaired t-test) shown on the plots.





Changes in Decidual Leukocytes With Gestation Age

To assess temporal gestational effects on decidual immune cell composition, the frequency of major decidual cell populations were correlated with gestational age in days (Supplemental Figure 1). Neither T nor B lymphocytes showed a change with gestation (Supplemental Figure 1). In contrast, Tregs had a correlative increase with gestation while γδ T cells and iNKTs trended towards an increase (Supplemental Figure 1). In the innate compartment, neither total NK cell frequency nor any NK cell subset proportion were significantly different with gestation (Supplemental Figure 1). We identified a significant increase in CD14+ CD163+ CD206– decidual macrophages cells with gestation, with a corresponding decrease of CD14+ CD163– CD206– macrophages (Supplemental Figure 1). Both pDCs and DC/non-classical monocytes decreased with gestation, though the decrease in pDCs was not significant (Supplemental Figure 1).

Among naïve and memory T lymphocyte subsets, several memory CD4+ T lymphocyte subsets showed significant changes with gestational age (Supplemental Figure 5). These included gestational dependency of central memory CD4+ T lymphocytes with a highly significant positive correlation (R2 0.8267; p-value >0.001) with increasing gestation age (Supplemental Figure 5). This coincided with significant declines in CD4+ Tem, CD4+ TEMRA and activated/proliferating Ki67+ memory CD4+ T lymphocytes in the decidua (Supplemental Figure 5). Expression of CCR5 on CD4+ and CD8+ T memory cells also showed significant negative correlation with gestational age (Supplemental Figure 5). For Th1-like cells assessed by CXCR3 expression, Th2-like cells assessed by CCR4 expression, and Th17-like cells assessed by CCR6, no correlative relationships were observed with gestational age (Supplemental Figure 5). A significant positive correlation between CD4+ memory T lymphocytes PD-1 and HLA-DR expression was observed in the PBMC but not the decidua (Supplemental Figure 5) indicating a discordance of activated/exhausted memory CD4+ T between the two compartments.



PCA Analysis of PBMC and Decidual Leukocytes

To help interpret what most distinguishes the PBMC and decidual leukocytes in normal rhesus macaques, a Principal Component Analysis (PCA) was performed using all of the populations manually gated from samples stained with both the 28-color adaptive panel and 18-color innate focused panel (Figure 10). Despite a range in gestation, the PBMC samples from pregnant macaques clustered tightly in the right-hand quadrant. The decidual leukocytes clustered away from the PBMC by principal component 1 (PC1) and were more spread, indicating their lack of similarity to PBMC and highlighting the heterogeneity of the tissue. Populations which contributed most prominently to PC1 were innate NK cells and many types of T lymphocytes expressing the activation marker CD69. This coincides with differences manifest in the tSNE analysis in Figures 3, 7. By principal component 2 (PC2), the decidual leukocytes are less well-clustered together while a longitudinal pattern of gestational age is apparent. The major contributors to PC2 are memory CD4+ T lymphocyte proliferation markers and frequencies of different innate cells (Figure 10).




Figure 10 | PCA plot using adaptive and innate cell data of PBMC and decidual leukocytes in normal rhesus macaques. A PCA plot was generated using a combination of adaptive and innate immune cells and their features. 217 variables describing frequencies of unique cell types and MFI when applicable (e.g. Granzyme B MFI) were used to contrast PBMC (n = 9) (green) to decidua (n = 7) (pink) samples across 1st, 2nd, and 3rd trimester (left). The top 20 contributing variables to principal component 1 (middle) and principal component 2 (right) are shown and color coded according to major cell populations, CD4+ T (green), CD8+ T (purple), γδ T (orange), myeloid CD20-HLA-DR+ (yellow), and NK cells (blue).





ZIKV Impact on Maternal Immunity

To investigate the impact of ZIKV on the leukocytes of the peripheral blood and decidua, we studied dams infected with ZIKV during pregnancy in comparison to normal, uninfected rhesus macaques. Placenta was collected from 10 ZIKV-infected dams either at second trimester spontaneous abortion (n=1) or at near term C-section (n=9); details are described in Supplementary Table 2. We found that the frequency of total T lymphocytes out of live CD45+ leukocytes was increased in the ZIKV-infected dams compared to the uninfected dams (Figure 11A). Within the traditional αβ T cells there were no indications of changes in CD4/CD8 proportions or their memory subtypes to explain the increase in T cells (data not shown).




Figure 11 | T lymphocyte changes in ZIKV-infected macaques. (A) T and γδ T lymphocytes in uninfected (n = 9) (grey) and ZIKV-infected (n = 9) decidual leukocytes. In the ZIKV-infected group, animals with detected amniotic fluid transmission displayed in blue and non-transmitters in red (B) Decreased activation of CD4+ T memory in the ZIKV-infected group. (C) Decreased activation of CD8+ T memory in the ZIKV-infected group. (D) Decreased activation of γδ T lymphocytes in the ZIKV-infected group. (E) Decreased decidual γδ T lymphocyte subset activation in ZIKV-infected macaques. P-values < 0.05 (unpaired t-test) shown on the plots.



To determine whether ZIKV infection affected immune function, we assessed the expression of HLA-DR (activation), CXCR3 (activation and trafficking), Ki67 (activation and proliferation), and granzyme B (cytotoxicity) on decidual T lymphocytes in ZIKV-infected dams and compared with decidua of normal pregnancies. A significant decline in HLA-DR+ activated memory CD4+ and CD8+ T lymphocytes was observed in ZIKV-infected decidua as compared to normal decidua (Figures 11B, C). Coinciding with the lack of HLA-DR, Ki67+ memory CD4+ T lymphocytes were also significantly decreased in the infected animals compared to normal decidua (Figure 11B). Other notable changes on memory T lymphocytes in decidua of ZIKV-infected dams including a significant decrease in frequency of CXCR3 positive cells in both CD4+ and CD8+ T lymphocytes, and reduced frequency of granzyme B-positive CD4+ T memory cells compared to uninfected decidua (Figures 11B, C). A similar pattern of perturbation was observed in decidual γδ T cells of ZIKV-infected dams, namely a significant decrease in HLA-DR, Ki67, PD-1, and granzyme B, indicative of inhibition of activation, proliferation and cytotoxicity of γδ T (Figure 11D). Vγ9 and Vδ2 subsets likewise showed a general reduction of proliferative and activation potential by Ki67+ suggesting that the effect was global and not confined to a particular subset of γδ T (Figure 11E). In contrast to Ki67, decreased granzyme B expression was confined to the Vγ9+ Vδ2+ subset of γδ T (Figure 11E). This subset was recently shown to have the greatest cytotoxic potential and cytokine secretory capacity in healthy adults (49). In addition, decreased PD-1 expression and HLA-DR was confined to the Vγ9+ Vδ2– and Vγ9– Vδ2+ subsets respectively.

To study changes in the innate compartment, we found a loss of total NK cells in ZIKV-infected compared to uninfected dams (Figure 12A). These decreases were subset specific, in that the decidual CD16+ CD56+ NK subset showed a significant decrease whereas the CD16– CD56– NK cell subset showed a proportional increase in frequency in ZIKV-infected compared to uninfected macaques (Figure 12A). We observed an increase in dNK2 in ZIKV-infected dams while dNK1 and dNK3 were comparable to normal decidua (Figure 12). Similar to the changes observed in T cells of ZIKV-infected macaques, CD69 expression on both CD56– and CD56+ NK cells were reduced compared to normal decidua (Figure 12A). We did not observe increased CD169 expression on NK cells contrary to a recent study that reported an increase in CD169-positive CD16+ NK cells in the decidua of ZIKV-infected dams (48). Few changes in myeloid cell proportions were observed following ZIKV-infection, although CD14+ CD163– CD206– cells were higher in the decidua of uninfected macaques compared to ZIKV-infected macaques (22.0 ± 13.1% and 8.5 ± 6.4%, respectively, p = 0.025).




Figure 12 | Changes in decidual NK cells in ZIKV-infected dams and immune correlates of transmission. (A) Altered NK cell subsets by CD16/CD56, granzyme B, KIR3DL01, and CD169 in the decidual leukocytes of uninfected (n=9) (grey) and ZIKV-infected (n=9) dams. In the ZIKV-infected group, animals with detected amniotic fluid transmission displayed in blue and non-transmitters in red. P-values < 0.05 (unpaired t-test) shown on the plots. (B) Immune parameters significantly different between transmitter and non-transmitter dams. P-value <0.05 between transmitters and non-transmitters shown as red asterisk. Normal decidual leukocytes are displayed for comparison.



Similar to changes observed in the decidua, the majority of changes observed in PBMC of ZIKV-infected dams were confined to the T lymphocyte compartment and manifest as a decrease in markers of activation of HLA-DR, Ki67, and PD-1 expression on CD4+ and CD8+ T lymphocyte subsets compared to normal pregnant macaques (Supplemental Table 4). In addition to the reduced activation of αβ T lymphocytes, γδ T lymphocytes appeared to be more differentiated by increased TEMRA memory phenotype and the Vγ9+ Vδ2+ had a reduced activation status. Both the CD56– NK cells, and myeloid cells (HLA-DR+ CD20–) showed decreased Ki67 compared to uninfected macaques (Supplemental Table 3).



Global Analysis of the Impact of ZIKV on the Maternal-Fetal Interface

To further understand the impact of ZIKV on pregnancy and specifically in the decidua, we performed tSNE and PCA analysis of the decidual leukocytes in comparison to uninfected animals (Figures 13A–C). A tSNE analysis of decidual cells computed with data from a 28-color panel focused on the adaptive immune system resolved several notable differences (Figures 13A, B). In particular, clusters 2 and 8 appear to be affected by ZIKV infection (Figure 13A). Cluster 2 is consistent with CD8 memory T cells by CD3+ CD8+ CD95+ CD28– cells, and cluster 8 are likely myeloid cells defined by CD3– HLA-DR+ CD20– expression (Figure 13B and Supplemental Figure 6). An additional 16 markers used to compute the tSNE are found in Supplemental Figure 6.




Figure 13 | tSNE and PCA analysis of decidual leukocytes of uninfected and ZIKV-infected rhesus macaques. (A) tSNE plot representing an equal number of CD45+/live/single cells/leukocytes cells from decidua of rhesus macaques experiencing a normal pregnancy (n = 9) or after ZIKV infection (n = 8). The 28-color adaptive panel was used to generate this plot. Blue gates were manually drawn based on clustering patterns. (B) Individual MFI gradients of eight markers on the tSNE map. Red coloring represents high MFI and blue coloring represents low MFI. (C) tSNE plot representing an equal number of CD45+/live/single cells/CD3-/CD20- cells from decidua of rhesus macaques experiencing a normal pregnancy (n = 8) or after ZIKV infection (n = 7). The 18-color innate panel was used to generate this plot. Blue gates were manually drawn based on clustering patterns. (D) Individual MFI gradients of eight markers on the tSNE map. Red coloring represents high MFI and blue coloring represents low MFI. (E) PCA plot of decidual leukocytes of uninfected and ZIKV-infected dams. (F) The top 20 contributing variables to principal component 1 (left) and principal component 2 (right) are shown and color coded according to major cell populations, CD4+ T (green), CD8+ T (purple), γδ T (orange), myeloid CD20-HLA-DR+ (yellow), and NK cells (blue).



tSNE analysis of innate markers using an 18-color panel focusing on the innate immune system further highlighted differences in decidual immune composition after Zika virus infection (Figures 13C, D). Prior to computing the tSNE map, dead cells and CD45+ CD3+ or CD45+ CD20+ cells were excluded. The most notable differences appear in clusters 4, 6, and 7. Cluster 4 are tissue macrophages defined by their HLA-DR+ CD14+ CD163+ CD206+ CD39+ CD169+ phenotype (Figures 13C, D and Supplemental Figure 7). Cluster 7 are CD16– CD56+ NK cells defined by the presence of CD8+ HLA-DR–/lo CD16– and CD56+, and cluster 6 are also NK CD16– CD56+ NK cells with the additional expression of CD39 (Figures 13C, D and Supplemental Figure 7).

PCA analysis shown in Figure 13E determined immune cell subsets that most contributed to the separation between infected and uninfected decidua. The uninfected decidua is found to cluster away from infected tissues by PC1. The top contributors to PC1 were memory T lymphocytes expressing activation and proliferation markers (Figure 13F). PC2 did not well separate uninfected from infected samples (Figure 13E). Little to no clustering effect was observed between animals with congenital transmission and no congenital transmission of ZIKV (Figure 13E). Like the uninfected decidua, there was also wide heterogeneity among ZIKV-infected decidua.



ZIKV Non-Transmitters Compared to Transmitters

Five of the 10 ZIKV-infected dams had ZIKV RNA detected by PCR in the amniotic fluid. Although we cannot definitively exclude absence of placental transmission in the PCR-negative dams, we compared immune parameters in the amniotic fluid ZIKV PCR positive (transmitters) and negative (non-transmitters) dams. The frequency of single positive CD16– CD56+ NK cells in the non-transmitter dams (24.4 ± 14.1%) was reduced compared to the transmitter dams (59.7 ± 12.2% (Figure 12A). Animals that transmitted also had higher frequencies of CD8+ T effector memory cells compared to non-transmitters (83.5 ± 6.3% compared to 68.2 ± 5.9%, respectively) (Figure 12B). Interestingly, macaques that did not transmit ZIKV had the greatest reduction of T cell activation compared to both uninfected and ZIKV-transmitters (Figure 12B). For example, HLA-DR expression in Vγ9+ Vδ2+ was reduced from 9.2 ± 5.6% to 2.4 ± 1.4% in non-transmitters, and HLA-DR expression on total CD4+ memory T cells was reduced from 24.6 ± 6.0% to 15.2 ± 4.8% in non-transmitters (Figure 12B). CD4+ Tem cells also had a reduced expression of HLA-DR in non-transmitters compared to transmitters (Figure 12B).




Discussion

This is the first comprehensive single-cell phenotypic analysis of multiple immune cell subsets in the decidua and peripheral blood of healthy rhesus macaques across the three trimesters of pregnancy. By simultaneously probing conventional T lymphocytes, iNKT, Tregs, γδ T, B lymphocytes, NK cells, monocytes, macrophages and dendritic cells (DC), we could evaluate components of both the innate and adaptive immune system and study their interaction in the setting of normal pregnancy and after ZIKV infection of pregnant macaque. Several findings reported in blood and decidua of human pregnancy were recapitulated in normal rhesus macaque pregnancy reinforcing the value of this NHP model for the study of congenital viral infections. Notable among the similarities between human and NHP decidua were the predominance of the CD16–CD56+ phenotype of NK cells, enrichment of CD4+ Tregs, enrichment of memory CD4+ and CD8+ T lymphocytes, increased activation but decreased cytotoxicity of decidual NK cells and CD8+ T lymphocytes, a predominance of CD206+ macrophages, and a paucity of B lymphocytes (6, 20, 50–52). tSNE analysis of CD45+ live leukocytes on the 28-color adaptive lymphocyte-focused flow cytometry panel and on CD3–CD20–CD45+ live leukocytes on the 18-color innate cell-focused flow panel revealed several clusters representing populations of CD4+ and CD8+ T lymphocytes, NK cells, monocytes or macrophages and DCs that were unique to either peripheral blood or decidua. The immune cell diversity between decidua and PBMC was similar to what was recently reported in humans using a similar approach (53).

Memory T lymphocytes comprise roughly 5-20% of the CD45+ leukocyte population in human decidua from the first trimester and increase with gestational age. As part of the adaptive immune system they are key players in mounting an immune response against foreign antigens in pregnancy (10, 22). Decidual CD8+ T lymphocytes are unique in that they recognize fetal antigens but remain tolerant to avoid fetal rejection. However, their role in pathogen-specific immunity and the properties of the immune response necessary to clear infections without harming the fetus are not known (23). In our study, we performed an extensive evaluation of the memory phenotype, activation status, cytotoxic granule content, and chemokine receptor expression on memory subsets of both circulating and decidual CD4+ and CD8+ T lymphocytes in pregnancy. T lymphocytes were the dominant leukocyte population in the decidua across all three trimesters with the exception of one second trimester dam in whom NK cells comprised roughly 60% of the decidual leukocyte population (Figure 2B). Reciprocally, we did not find NK cells as the dominant decidual population in first trimester. Neither was there a clear trend of decidual NK cells declining with gestation age. These findings are in contrast with humans where NK cells are the dominant leukocyte population in first trimester decidua. Whether this observation represents a species-specific difference in decidual leukocyte composition will require further study in a larger cohort of animals.

Relative to studies on decidual NK cells, data on decidual T lymphocytes are limited particularly for rhesus macaque decidua. A recent study in rhesus macaques at the third trimester of pregnancy used mass cytometry to examine multiple immune subsets including memory T lymphocytes in choriodecidual cells in decidua parietalis as well as in placental villi (54). The decidual leukocytes evaluated in our study were primarily isolated from tissue removed from the maternal surface of the placenta (decidua basalis) and stripped away from chorionic tissue. Using a combination of CD95, CD28, CCR5, CD45RA, CD69 and CD103, we delineated CM, EM, TEM, TEMRA, and tissue-resident Trm memory. Rhesus macaques had significantly higher proportions of EM CD8+ and CD4+ T in the decidua compared to peripheral blood consistent with human data (20, 25, 55). Less clear is the concordance between rhesus macaque and human decidua for other memory subsets. CM CD8+ and CD4+ T lymphocytes were present at significantly lower frequencies in rhesus macaque decidua. One study showed higher frequencies of CM CD4+ and CD8+ T lymphocytes in term human decidua compared to peripheral blood (55). CD4+ TEMRA lymphocytes did not differ between peripheral blood and decidua; however, CD8+ TEMRA were significantly lower in the decidual compartment, contrary to human studies showing a higher proportion of CD8+ TEMRA in the decidua (22). It is noteworthy that in rhesus macaques, the proportion of decidual CM CD4+ T was lowest in the first trimester and highest in the third trimester, a finding that has not previously been reported. The increase in decidual CM CD4+ T with increasing gestation age was associated with a decline in Ki67+ activated memory CD4+ T (both CM and EM subsets) and a decline in CCR5+ CD4 memory and CD8 memory. These changes with gestational age were confined to the decidua and not observed in circulating lymphocytes. Reduced decidual CCR5+ memory CD4+ T with gestation age may have implications for the relative risk of mother-to-child transmission of HIV in different trimesters of pregnancy (56).

Consistent with findings in humans, decidual EM, CM and TEMRA CD8+ T had lower granzyme B content compared to their circulating memory counterparts (20). Of note, the proportion of granzyme B+ TEM and CM CD8+ T lymphocytes was significantly higher in the decidua but their granzyme B content measured by MFI was lower. Thus, decidual CD8+ T contain substantial proportions of Granzyme B-positive cells but likely are less cytotoxic compared to circulating memory CD8+ T lymphocytes. With respect to effector function, the majority of decidual memory CD4+ and CD8+ T were highly activated and skewed to a Th1 phenotype as evidenced by high proportions expressing CD69, HLA-DR, and CXCR3. This was in striking contrast to circulating memory T lymphocytes that were less activated and showed a mixture of Th1 (CXCR3+), Th2 (CCR4+), and Th17 (CCR6+, CCR4+) cells and is similar to findings in humans (55). In concert with high levels of activation, decidual CD4+ and CD8+ T lymphocytes contained significantly higher levels of PD-1+ cells compared to circulating memory T lymphocytes but not in a correlative manner like the PBMC. This is not surprising in light of studies showing expression of immune inhibitory check-point receptors on human decidual T lymphocytes as one likely mechanism by which decidual T lymphocytes maintain concurrent effector function and a tolerogenic phenotype during pregnancy (21, 57).

In addition to conventional T lymphocytes, CD4+ Tregs, iNKT and γδ T lymphocytes accounted for roughly 20% of the total decidual T (CD3+) lymphocyte population. Tregs play an essential immunosuppressive role in inhibiting alloreactive T cells and maintaining tolerance during normal pregnancy. As in humans, CD4+ CD25bright CD127lo Tregs in rhesus macaques were present at significantly higher frequencies in the decidua compared to peripheral blood and showed a significant increase with gestation age. Human studies of normal pregnancy have shown that decidual Treg frequencies remain unchanged (d. basalis) or increase (d. parietalis) at term gestation (51, 58–60). A recent study provided evidence for clonally expanded effector Tregs, likely containing fetal antigen-specific Tregs, increasing in the 3rd trimester of normal pregnancy but decreasing in preeclampsia (61). While we did not characterize the type of decidual Tregs in this study, the findings of CD4+ Tregs enrichment in macaque decidua and its relationship to gestation age appear similar to human decidua.

Among other immunomodulatory T lymphocytes, low frequencies of decidual iNKT were detected at levels comparable to peripheral blood. It should be noted that the method of iNKT detection is an important consideration for comparison with studies reporting on NKT lymphocytes. Several publications including one on macaque decidua have defined NKT as CD3+CD56+ T lymphocytes (62). This is erroneous and does not represent genuine iNKT lymphocytes (63). We used T lymphocyte expression of the Vα24 TCR along with binding to α-galactoslyceramide(GC)-loaded CD1d tetramers for specific and stringent identification of iNKT lymphocytes as described in humans and nonhuman primates (43, 64). In our study, CD3+CD56+ T lymphocytes were enriched in the decidua with mean frequency of 21.7% of T lymphocytes as compared to <5% of T lymphocytes in peripheral blood. Yet, less than 1% of decidual CD56+ T were genuine iNKT as defined by Vα24+ T lymphocytes binding to αGC-loaded CD1d tetramer. Moreover, all Vα24+ CD1d-tetramer-positive iNKT lymphocytes did not express CD56. In two studies in humans that used stringent criteria for identification, iNKT were detected in first trimester decidua at low frequencies of <0.5% of CD3+ decidual leukocytes and were present at significantly higher frequencies in the decidua compared to peripheral blood (41, 42).

γδ T lymphocytes are another unconventional T lymphocyte subset that recognize non-peptide antigens in an MHC-independent manner and respond to bacterial and viral infections (65). Early trimester decidua is enriched for γδ T but their role in pregnancy is not well understood (46). In utero CMV infection is associated with expansion of fetal Vγ9– γδ T lymphocytes (66). In one study ZIKV infection in humans was associated with expansion of Vδ2+ γδ T in the peripheral blood (67). To our knowledge there are no published data on decidual γδ T in rhesus macaques. Using a NHP cross-reactive pan-γδ TCR antibody along with antibodies specific for the Vγ9 and Vδ2 TCR chain, four populations of γδ T were defined of which the Vγ9–Vδ2– subset formed the bulk of the γδ T lymphocytes in the decidua and peripheral blood. γδ T lymphocytes showed higher frequencies in the decidua particularly at third trimester gestation. Of total γδ T cells, the Vδ2 subset is significantly higher in blood of healthy human donors compared to early gestation decidua (46). The same conclusion can be inferred in rhesus macaques as the dominant Vγ9+Vδ2+ population was significantly higher in the peripheral blood compared to the decidua. Similar to the conventional T lymphocytes, decidual γδ T were highly activated and enriched for effector memory cells in the decidua. These data suggest that despite being a relatively small population, decidual γδ T also have the capability to be potent effectors. Their role in protective immunity at the maternal-fetal interface remains to be determined. Of interest, ZIKV-infected pregnant dams in our study had increased levels of circulating Vδ2+ γδ T compared to normal pregnancies. In the ZIKV-infected dams, the decidual γδ T had a reduced proliferation potential similar to the memory CD4+ T but also reduced PD-1 expression. This may suggest that decidual γδ T are less exhausted and could have effector function in the face of a viral infection.

Among innate leukocytes we evaluated NK cells, monocytes/macrophages and dendritic cells in the decidua and peripheral blood of normal pregnancy. Based on co-expression of the scavenger receptor CD163 and the mannose receptor CD206, three populations of decidual macrophages were detected of which the dual positive CD163+ CD206+ subset was only seen in the decidua. A CD163+ CD206– decidual macrophage population was present but at a significantly lower frequency compared to peripheral blood where this monocyte subset was dominant. The two populations of CD163+ decidual macrophages appear to be phenotypically analogous to the CD11c(lo) and CD11c(hi) subsets with distinct gene expression profiles described in humans (50). Although neither subset is precisely M1- or M2-polarized, the gene profile of the CD11c(lo) CD206+ subset resembles M2-polarized macrophages. It is noteworthy that the CD163+CD206– decidual macrophage population increased with gestational age as did the frequency of CD14+CD16+ inflammatory monocytes. These changes likely reflect the plasticity of the decidual macrophages moving to a more inflammatory phenotype as pregnancy progresses to term.

NK cells are the most abundant decidual leukocyte population in the first trimester of pregnancy and essential for implantation of the placenta through their interactions with extravillous trophoblasts. Decidual NK cells are phenotypically and functionally distinct from NK cells in the circulation and at other tissue sites and constitute a diverse population of tissue-resident innate lymphoid cells (68). Recent studies on first trimester human decidua using single cell RNAseq and mass cytometry have revealed several novel populations including dNK1, dNK2, and dNK3 based on their gene expression profile, phenotypic markers and function (11, 37). In this study we complemented evaluation of macaque NK subsets based on CD16 and CD56 co-expression patterns with NKG2A, CD39, CD103 and Granzyme B to define putative dNK1, dNK2 and dNK3 populations in macaques. These definitions were adapted from and based on the single cell gene expression, flow cytometry and mass cytometry profile of human first trimester decidua (11, 37). By flow cytometry, we defined dNK1 as NKG2A+ CD39+ granzymeB+ NK; dNK2 as NKG2A+ CD39+ granzymeB+ NK; and dNK3 as CD103+ granzymeB– NK. CD39 is a surface bound ectonucleosidase enzyme which is upregulated during inflammatory conditions. It is constitutively expressed in the placenta and is found on many immune cell subsets such as Tregs, NK cells, monocyte/macrophages, and dendritic cells. CD39 along with CD73 can convert ATP to adenosine leading the extracellular environment from a proinflammatory to immunosuppressive environment (69). tSNE analysis of the 28-color and 18-color flow cytometry panel revealed several unique non-overlapping clusters for NK cells in decidual and circulating leukocytes. With manual gating, several expected and novel observations were made. Consistent with previous studies in humans and macaques, the majority of decidual NK cells were CD56+CD16– (7, 9, 15, 16). This was in contrast to circulating NK cells in macaques that are predominantly CD16+CD56– (38). Macaque decidua also contained a clearly discernible population of CD16+ CD56+ double-positive NK cells that were not detected in peripheral blood. A similar double-positive NK population has been reported in vaginal and rectal mucosal tissues of rhesus macaques (70). To our knowledge this is the first report of CD16+CD56+ NK cells in macaque decidua. Similar to humans, granzyme B content in the decidual NK subsets was lower than their circulating phenotypic counterparts. When analyzed for dNK1-3 subsets on the basis of CD39, granzyme B and CD103 expression, the dominant dNK2 population was significantly lower in the decidua compared to peripheral blood. The dNK1 and dNK3 subsets constituted a small population of NK cells which was present at higher frequencies in the decidua. The dNK1 and dNK3 decidual populations were lower in the third trimester compared to the first trimester, whereas the dNK2 decidual population increased from the first to the third trimester. These data are consistent with the known functions of human dNK1 cells expressing high levels of KIRs and interacting with HLA-C molecules on extra-villous trophoblasts to promote placentation in the first trimester (11). Macaque decidual NK cells also contained a high frequency of NKG2A+NKG2D+ NK cells that were absent or detected at low frequencies in the circulation. NKG2D is a C-type lectin-like activating receptor expressed on NK cells and T lymphocyte subsets. In a study of first trimester human decidua, NKG2D was expressed on all CD56+ decidual NK and surface expression of the NKG2D ligands, UL16 binding protein and the stress-inducible MHC-Class I related chain molecules (MIC), was detected on extra-villous trophoblasts, villous trophoblasts, and decidual macrophages (71). A significant increase in NKG2D expression was observed in second trimester decidual NK as compared to first trimester (72). NKG2D was also shown to be involved in the cytotoxic effector function that decidual NK acquire in vitro on exposure to human CMV-infected autologous fibroblasts (73). Because the anti-NKG2A antibody in rhesus macaques does not differentiate between the inhibitory receptor NKG2A and the activating receptor NKG2C, we cannot be certain whether the NKG2D+ decidual NK cells co-express NKG2A or NKG2C (74). However, in light of the human data, it is likely that the NKG2A+NKG2D+ NK population in macaque decidua is a cytotoxic population. Similar to the T lymphocyte subsets in macaque decidua, the majority of decidual NK cells were significantly more activated than circulating NK cells as evidenced by surface expression of CD69, CXCR3 and CD169 molecules. The chemokine receptor CX3CR1 was also expressed on decidual NK cells but at lower frequencies compared to circulating NK cells.

Our analysis of decidual and circulating leukocytes from a ZIKV infection study in pregnancy in comparison to normal decidua yielded unexpected and interesting findings. In human studies, patients with ZIKV infection are reported to have increased DN T cells and increased activated CD8+ T cells when compared to healthy controls. Furthermore, nonclassical T cell subsets such as double negative (CD4-CD8-) Vδ2 TCR+ T cells are increased in ZIKV infected individuals which correlate with acute resolution of symptoms. This suggests that Vδ2 TCR+ T cells play a role in resolution in ZIKV symptoms (67). Based on these data, ZIKV could potentially disturb the balance at the maternal-fetal interface, as early gestation decidua has an increased frequency of γδ T cells compared to matched maternal blood (46). In vitro studies have shown that ZIKV can infect and replicate in human placental macrophages or Hofbauer cells, viral replication coincides with type I interferon induction, and anti-viral gene expression and pro-inflammatory cytokines (75). The mechanism of transmission is thought to by direct infection of Hofbauer cells and disrupting placental barrier. The role of decidual immunity is unknown as few studies have investigated tissue level cellular immunity to ZIKV despite its broad tissue trophism (76). To our surprise, the most striking finding in decidual cells from ZIKV-infected dams was a decrease in NK cells and increase in total T lymphocytes with significant reduction in activated (HLA-DR+ and/or Ki67+) memory CD4+ and CD8+ T and γδ T lymphocytes, reduced frequency of decidual Granzyme B+ CD4+ T and γδ T lymphocytes and reduction in CXCR3+ memory CD4+ and CD8+ T lymphocytes. We also saw a reduction in circulating DN T lymphocytes and a significant reduction in activated, proliferating, and PD-1-positive memory CD4+ T, memory CD8+ T, γδ T, and NK cells in ZIKV-infected dams as compared to healthy pregnant macaques. Overall, these data suggest an immunosuppressive effect with suppression of inflammation and decreased immune recruitment of decidual memory T cells at the maternal-fetal interface. Our findings raise the possibility that the prolonged ZIKV viremia reported in pregnant humans and macaques (29, 77, 78) is related to the immunosuppressive effect of ZIKV infection. Immunosuppression has been reported with Asian-lineage ZIKV related to suppression of type I interferon responses and induction of a M2 anti-inflammatory type transcription phenotype of monocytes ex vivo. But no changes in T cell phenotype were observed in this study (79).

The immunosuppressive effects we have observed in this study are in contrast to the autoimmunity (loss of immune suppression) type of symptoms by Guillain-Barré syndrome that may arise in conjunction with ZIKV infection (76). It is possible that ZIKV induces autoimmunity of the circulating leukocytes while at the tissue-level of the already tolerant maternal-fetal interface, the immune cell environment is silenced by loss of T cell activation and reduced infiltration of CXCR3-expressing CD4+ and CD8+ T lymphocytes which are inflammation-homing T cells. The CXCL10-CXCR3 axis is important in attracting effector T cells to decidual tissue (23). In mice epigenetic silencing of T cell chemoattractant genes in decidual stromal cells led to impaired accumulation of decidual effector T lymphocytes (80). CXCR3 blockade eliminated decidual CD8+ T cell infiltration and protected against in utero fetal infection and immunopathogenesis in a murine model of Listeria infection (81). The question of whether or not the immunosuppressive effects in the maternal decidua reflected an impaired virus-specific cellular immune response or protected against immunopathology are unresolved and will require future prospective studies.

The overall picture of the NHP maternal-fetal interface emerging from our study is that of a complex, dynamic immune environment with capability of robust effector activity balanced with features of a tolerogenic phenotype. Normal macaque decidua is populated with a dominance of memory T lymphocytes, CD8+ more than CD4+, throughout the gestation period with a subset showing markers of tissue-resident memory. The majority of memory CD4+ and CD8+ T, and γδ T lymphocytes are highly activated with a CXCR3+ Th1 phenotype but a significant proportion also express PD-1. Higher frequencies of cytotoxic memory T lymphocytes with less granzyme B content at the single cell level compared to their circulating counterparts are detected in the decidua. Decidual NK cells are phenotypically distinct with a dominance of cytotoxic CD56+ NK cells that co-express NKG2D and NKG2a/c. Similar to memory T lymphocytes, the majority of decidual NK cells are activated and express CXCR3 but have lower granzyme B content compared to their circulating counterparts. In the myeloid lineage, we found a population of tissue-resident CD163+ CD206+ macrophages which were unique to the decidual environment. We also found a strong presence of tolerogenic CD4+ Tregs which correlated with gestational age in the decidua. In all, these features identify the maternal-fetal interface as a distinct and unique environment that pathogens need to navigate for vertical transmission to the fetus. Our findings of reduced activation, reduced CXCR3 expression and reduced cytotoxicity of decidual memory T lymphocytes in ZIKV infection indicate local immunosuppression and impaired immune recruitment as possible mechanisms of vertical transmission.

In conclusion, we have reported on the first deep and comprehensive analysis of immune cells at the maternal-fetal interface and its comparison to circulating leukocytes in a normal rhesus macaque pregnancy model. By extending our analysis to an investigation of changes in the maternal decidua in a cohort of ZIKV-infected dams, we provide novel insights in to immune perturbations following a congenital viral infection. The stark contrasts of the circulating to decidual leukocytes highlights the immunological barrier formed by the maternal-fetal interface and the need to study this in the context of pathogenic infections that can be transmitted from mother to fetus. Such studies are needed to find vaccine targets against congenital infections.
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Despite the significant progress that has been made to eliminate vertical HIV infection, more than 150,000 children were infected with HIV in 2019, emphasizing the continued need for sustainable HIV treatment strategies and ideally a cure for children. Mother-to-child-transmission (MTCT) remains the most important route of pediatric HIV acquisition and, in absence of prevention measures, transmission rates range from 15% to 45% via three distinct routes: in utero, intrapartum, and in the postnatal period through breastfeeding. The exact mechanisms and biological basis of these different routes of transmission are not yet fully understood. Some infants escape infection despite significant virus exposure, while others do not, suggesting possible maternal or fetal immune protective factors including the presence of HIV-specific antibodies. Here we summarize the unique aspects of HIV MTCT including the immunopathogenesis of the different routes of transmission, and how transmission in the antenatal or postnatal periods may affect early life immune responses and HIV persistence. A more refined understanding of the complex interaction between viral, maternal, and fetal/infant factors may enhance the pursuit of strategies to achieve an HIV cure for pediatric populations.
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Introduction

Pediatric AIDS was first described in 1982, shortly after the first adult cases were reported (1). Of the estimated 37.5 million people currently living with HIV-1 as of 2020, 1.7 million of those individuals are children (2). While heterosexual transmission is the major transmission mode in adults, the majority of pediatric infections occur through mother-to-child transmission (MTCT) during pregnancy, labor and delivery, and postpartum through breastfeeding. Tremendous progress has been made in both prevention and treatment of HIV in children. However, despite the implementation of prevention of mother-to-child transmission (PMTCT) measures that decrease the risk of vertical HIV transmission to less than 5% (3, 4), approximately 150,000 children were newly infected with HIV in 2020, the majority of whom live in sub-Saharan Africa (5). As with HIV infection in adults, the primary targets for infection are activated CD4+ T cells expressing the CCR5 co-receptor. Risk of MTCT transmission is influenced by geography, maternal viral load, co-infections, delivery mode, and breast-feeding (6), among other factors. The precise mechanisms of MTCT and how its timing influences establishment of HIV infection and persistence have not been fully elucidated. In this review, we aim to summarize what is known about HIV MTCT, the immunologic and virologic factors involved in HIV transmission in the fetal and neonatal/infant periods, and provide implications for HIV cure strategies targeting perinatally infected children.



Routes and Mechanisms of Vertical Transmission

Mother-to-child transmission (MTCT) remains the most important route of pediatric HIV acquisition and, in the absence of preventative measures, transmission rates range from 15% to 45% via three distinct routes: in utero, intrapartum, and in the postnatal period through breastfeeding. Overall, it is estimated that 20-25%, 35-50% and 25-45% of perinatal HIV transmissions occur in utero, intrapartum, and through breastfeeding, respectively (7–9). It is important to note that despite the prolonged exposure to HIV during fetal development, delivery, and breastfeeding, MTCT of HIV is relatively inefficient, and many children born to women with HIV do not become infected, even in absence of preventative services. Here, we will discuss the biological mechanisms of HIV MTCT and with emphasis on the factors influencing transmission. While this is still an active area of research, further elucidating these mechanisms of transmission is likely to inform cure approaches that should be considered for the almost 2 million children living with HIV.


In Utero Transmission

Transmission of HIV in utero is the least efficient route of MTCT, accounting for an estimated absolute rate of 5-10% of MTCT for women not receiving antiretroviral therapy (ART) (7, 8). The major risk factors for in utero transmission are high maternal viral loads and placental inflammation (8, 10, 11). The mechanisms of in utero HIV transmission are incompletely understood, but some have been proposed. Early studies suggested that in utero transmission may occur though HIV in the amniotic fluid coming into contact with fetal mucosal surfaces (12). Although the fetal gastrointestinal tract is populated with targets for HIV infection (e.g., CD4+CCR5+ T cells) (13), more recent studies have found that even in women with detectable virus in the plasma, HIV is not detected in the amniotic fluid (14–16). Another study found that amniotic fluid has innate inhibitory activity against the replication of HIV (17). Consequently, it is more likely that in utero transmission occurs primarily through the placenta. The placenta is a highly effective barrier that successfully inhibits most pathogens from reaching fetal circulation through various protective mechanisms. The placenta is composed of fetal-derived trophoblast progenitor cells that differentiate into specialized cell layers. These specialized trophoblasts have broad antiviral activity in addition to acting as a physical barrier to pathogens (18). Maternal blood comes into direct contact with the placenta by 10-12 weeks of gestation when trophoblasts form the placental villi and mediate the exchange of gases, nutrients, and waste products between maternal and fetal tissue (18).

While in utero transmission of HIV has been documented to occur as early as 8 weeks gestation (19), the vast majority of transmissions via this mode occur in the third trimester (20, 21). There are two mechanisms of transplacental transmission: infection of the trophoblasts and transcytosis across the trophoblastic layer. Although trophoblasts have low to no expression of CD4 receptors, multiple studies have detected HIV in these cells (22–24). More recent evidence suggests that transmission occurs primarily through cell-associated virus, as trophoblasts appear to be naturally nonpermissive to cell-free HIV (25). In a study designed to mimic the complex cellular architecture of the placenta, transcytosis and infection of the trophoblastic layer were only accomplished by cell-associated virus (26). New evidence suggests that cell-associated HIV enters trophoblasts via fusion with maternal lymphocytes (27). This cell-fusion mediated spread of HIV may be less sensitive to ART than cell-free infection, causing the placenta to become a potential reservoir for the virus during pregnancy (27). It is important to note that even when HIV successfully traverses the placenta, transmission to the fetus is not guaranteed. Studies have shown that both infected and uninfected infants had maternal cells with HIV DNA in their dried cord blood, and there was no significant difference between the rate of infection and the presence of HIV-infected cells in cord blood (28, 29). These findings suggest that there are likely more factors, some of which we will discuss in later sections of this paper, governing in utero transmission of HIV.



Intrapartum Transmission

The most common route of HIV MTCT occurs during labor and delivery, accounting for an absolute rate of 10-20% of infections in children born to women not receiving ART (7, 8). A major risk factor for intrapartum transmission is again maternal viral load (30–32), and while in the United States the current standard of care is delivery by Caesarian section unless women are on ART with low viral loads, most women deliver vaginally elsewhere in the world (33). Although multiple mechanisms of intrapartum transmission have been proposed, most of the evidence supports infection via exposure of infant mucosal surfaces to maternal secretions and blood during birth. The fetal intestines are populated with high levels CD4+CCR5+ T cells (13), and evidence suggests that higher viral loads in the birth canal correlate with increased transmission rates (10). Additionally, factors that would increase contact of fetal mucosal surfaces with maternal viral secretions also increase transmission rates. For example, genital ulcers have been shown to cause an increase in intrapartum transmission rates (34). This association remained significant even after adjusting for plasma HIV viral load. Several possible mechanisms are thought to explain this association including increased recruitment of HIV-infected CD4+ T cells to the mucosal surface of the genital lesions resulting in increased viral load in the genital tract (35, 36). Finally, the protective effect of elective Caesarian section against MTCT of HIV is attributed to the reduction of fetal contact with the birth canal (37–39).

Another proposed mechanism of intrapartum transmission is maternal-fetal microtransfusion (also called placental microtransfusion) causing fetal exposure to maternal blood containing both cell-free HIV RNA and cell-associated HIV DNA. Although the cause is unknown, microtransfusions occur at or near time of delivery when there is a disruption of the placental barrier and are thought to increase when uterine contractions intensify causing membranes to rupture. One study done using placental alkaline phosphatase (PLAP) as a marker for microtransfusions found that in women who had vaginal deliveries, high levels of PLAP were associated with higher intrapartum transmission risk (40). However, there was no significant association between PLAP (microtransfusion) levels and perinatal transmission as a whole. As described above, further studies designed to detect maternal cells in dried fetal cord blood as a proxy for microtransfusion also found no correlation (28, 29). Maternal-fetal microtransfusions are still relatively understudied, however.



Postpartum Transmission

Breastfeeding contributes to a considerable proportion of pediatric HIV infections accounting for an estimated absolute rate of 5-15% of MTCT for women not receiving ART (8). Premastication, where an adult chews foods before feeding it to the child, is also a risk factor for MTCT and this risk is associated with predisposing oral conditions that lead to the presence of blood in the mouth (41). It was recognized early on that breastfeeding was a potential mechanism for HIV transmission; however, the World Health Organization recommends that women in sub-Saharan Africa (with high HIV prevalence) breastfeed their children due to lack of consistent access to a safe water supply (42). Other factors such as the cost of formula and the stigma associated with not breastfeeding play into this decision (7). In order for MTCT to occur during breast feeding, the virus must first pass through the mammary epithelium, remain infectious within breast milk, traverse the infant mucosal barriers and establish infection. Studies in ex vivo organ tissue model systems and in vivo animal models have provided evidence that transmission can occur via the oral route (43, 44). Oral inoculations of simian immunodeficiency virus (SIV) have been shown to cause infection in infant rhesus macaques, providing proof of concept, although often these experimental inoculums contained higher doses of virus than would be seen in normal levels in breast milk (45–47). Cord blood and neonatal blood contain low levels of CD4+ T cells expressing CCR5, but, as described above, CD4+CCR5+ T cells populating the fetal intestines are abundant (13), a finding that has also been described in infant rhesus macaques (48–50). The mammary epithelium, like the placenta, however, successfully inhibits many pathogens from entering the breast milk through various protective mechanisms. Additionally, there is evidence that breast milk and saliva have innate inhibitory activity that restricts HIV transmission (51–54). The protective mechanisms of the maternal and fetal immune responses that limit breast milk transmission will be discussed in more detail below.

One major risk factor for MTCT during breastfeeding is viral load in the breast milk (10), and both cell-free and cell-associated HIV are thought to contribute to transmission. HIV RNA levels in breast milk correlate with plasma levels but are generally 100-fold lower (8, 55). Conditions that increase breast milk viral shedding are associated with higher transmission rates. Nonexclusive breastfeeding and infrequent emptying of the breast can lead to breast inflammation secondary to milk stasis, which in turn increases the viral load and has a strong association with increased MTCT (56–61). However, conflicting research found that nonexclusive breast feeding and mastitis do not significantly increase viral loads in breast milk (56). Still, HIV transmission was increased in breastfed infants who also received solid foods when compared to exclusively breastfed children (58). This mixed feeding is thought to cause disruption of the infant’s gut mucosal lining secondary to the introduction of non-breast-milk foods and early introduction of pathogens or foreign antigens, leading to immune activation and increased susceptibility to infection (62–64). Microbiome differences between mixed fed and exclusively breastfed infants may also impact transmission (65). Multiple studies suggested that cell-associated viruses also have a role in transmission during breastfeeding (66, 67). Understanding these biological mechanisms of breast milk viral spread is an important first step in characterizing the establishment of HIV reservoirs during this period. Further, it should be recognized that breastfeeding transmission can occur outside of the neonatal period and infants may be diagnosed after more time has elapsed since infection than occurs with in utero and intrapartum transmission. This later diagnosis, coupled with rapid immune system changes in early life, likely leads to a unique immunovirologic environment defining HIV persistence in children infected through the breastfeeding route.




Factors Influencing Vertical Transmission

MTCT is multifactorial, with different viral, maternal, and fetal/infant factors at play that influence the risk of HIV transmission (Figure 1). Knowledge of these risk factors and understanding of their roles in MTCT have been crucial to develop preventative measures and here we postulate that their consideration should also inform the investigation into curative approaches.




Figure 1 | Factors influencing vertical transmission.




Viral Factors Impacting MTCT


Viral Burden

Maternal viral load has been shown to be the strongest predictor of perinatal HIV transmission. Many studies have demonstrated increased risk of transmission with high levels of maternal viremia and high p24 antigenemia (68–71). Acute infection during pregnancy is associated with increased risk of perinatal transmission and is likely related to the high viral loads in plasma and the genital tract (72). Consequently, maternal viral suppression via use of ART during pregnancy has been proven to lower the risk of perinatal transmission. This was first supported by the 076 trial which showed that administration of zidovudine during pregnancy, delivery, and to the newborn for the first 6 months of life reduced transmission by nearly 70% in women with HIV who did not breast-feed (73). Subsequent studies have indicated that transmission is reduced even further with triple-drug regimens (74). Several studies have tried to establish a threshold of maternal viral load below which transmission does not occur (75); however, it has been demonstrated that transmission can occur in some cases where women have low levels of HIV RNA in the blood, indicating the presence of other factors influencing the transmission process. In one study that included 320 women from 18 different centers in France showed that perinatal transmission occurred in 12% of the women at less than 1000 copies/ml compared to 29% in women with more than 10,000 copies/ml (76). In contrast, in Bangkok 281 pregnant women were followed and no transmission occurred in those with virus load less than 2,000 copies/ml (77).

Several behavioral practices have been associated with increased risk of maternal to infant HIV transmission due to resultant increases in viral load. These behavioral factors include illicit drug use (IDU), cigarette smoking, and alcohol use. IDU is associated with increased risk of MTCT (78–81). Alcohol and drug use like heroin, amphetamine and cocaine, may be associated with failure to control viral load in the presence of ART, hence increased transmission rate (82–85). Additionally, transmission may be increased through drug interactions with ART and placental injury (86). Some have demonstrated an association between IDU and lack of adherence to ART which can lead to increased viral load (83, 85–87).

In addition to plasma viral load, viral levels in cervicovaginal fluid and breast milk are also thought to influence transmission risk in the intrapartum and postnatal periods (56, 88–90). As referenced above, levels of HIV DNA in breast milk cells (ie, CD4+ T cells) are positively correlated with postnatal transmission, and this intracellular HIV DNA is not significantly reduced by maternal ART. Risk of transmission is higher during early lactation due to the increased cellular content of colostrum (91). Both maternal ART and extended infant prophylaxis (at least with a single agent) during breastfeeding significantly reduces but does not eliminate MTCT, an observation that likely reflects virus persistence in CD4+ T cells (92–97).



Viral Genotype and Phenotype

Several studies of viral variants in mothers and infants attempted to characterize HIV quasispecies associated with MTCT and have yielded conflicting results. Major, minor, and multiple variant transmission events have been described (98–100). Most evidence suggests that a single or restricted subset of maternal viral variants establish infection in the infant suggesting selective pressure during the transmission process. However, the basis and the factors controlling MTCT bottleneck are not yet fully understood. Different properties of virus populations have been reported in studies analyzing vertical transmission stratified by timing, with transmission during the intrapartum period found to be primarily associated with the transmission of minor maternal variants while in utero transmission was more likely to occur with single or multiple HIV variants (100–104). Maternal antiretroviral drug resistance is associated with transmission during breastfeeding, but not during the in utero/intrapartum periods (105).

Phylogenetic analyses of HIV env in infected infants showed that they have a more homogenous virus population when compared to their mothers (106, 107). Studies have also shown that macrophage-tropic and non-syncytium-inducing (NSI) or CCR5-utilizing HIV viral strains are selectively transmitted (108). Another characteristic found in transmitted viruses was shorter variable loops and fewer putative N-linked glycosylation (PNG) sites encoded in env (70, 109–111). Different HIV subtypes may also have distinct MTCT rates. Work conducted in Tanzania showed that subtype C is preferentially transmitted from mother to child compared to subtype A and D (100). In another study from Kenya, the MTCT rate appeared to be higher among mothers infected with subtype D compared with subtype A (112). However, no such differences have been observed in other cohorts (100, 112–115).




Host Factors Impacting MTCT


Genetic Factors

Genetic polymorphisms in the coding and regulatory regions of HIV receptors and their ligands influence the risk of HIV acquisition. Infants with a single nucleotide polymorphism (SNP) in the CD4 gene at position C868T that may modify the tertiary structure of CD4 were more likely to acquire HIV compared to infants with wild type CD4 (116). In the setting of MTCT, most of the transmitted viruses use CCR5 as a coreceptor (117). As has been shown for horizontal infection in adults, the presence of a 32-bp deletion in the coding region of the CCR5 gene (CCR5-Δ32) in the homozygous state in infants results in non-functional coreceptors and confers protection from vertical infection (118, 119). Heterozygosity also exerts a protective effect when carried by mothers due to lower maternal viral burden (107). Conversely, polymorphisms in the CCR5 promoter region at positions 59029 and 59353T increase the expression of CCR5 leading to increased risk of MTCT when carried by infants (120–123).

Increased risk of vertical transmission was also seen with genetic polymorphisms resulting in decreased expression of the natural ligands for HIV coreceptors (CCL3, CCL4, and CCL5) (124).

Genetic variations affecting innate immunity may also influence MTCT. Defensins are antimicrobial peptides that are expressed by epithelial cells, known for innate mucosal defense and antiviral activities. Defensins inhibit HIV infection via different mechanisms including direct binding to virions as well as disturbing intracellular signaling by modulation of host cell surface receptors. Three SNPs in the 5′ untranslated region of β-defensin-1 (DEFB1) gene were reported to modulate risk of MTCT: −52G/A, -20(G/A) and −44C/G (125–127). Braida et al. described an association between -44(C/G) and HIV infection in Italian pediatric population (125). Another study found a lower copy number of DEFB104 among HIV-infected children when compared to HIV-exposed children and healthy controls, suggesting that DEFB104 may have a potential protective role against vertical transmission (128).

Multiple studies have investigated the influence of HLA concordance between mother and infant on vertical transmission and as well as risk of disease progression in infected infants (129–131). Specific maternal HLA polymorphisms, including B4901, B5301, A2/6802 and B18, have also been associated with decreased risk of MTCT (132–134). HLA-G, a non-classical class I MHC gene highly expressed in placental trophoblasts, has several SNPs found to be associated with decreased risk of vertical transmission (135, 136). Certain class II MHC alleles have also been reported to influence MTCT among certain ethnicities such as DQB1*0604, DR3, DR13, DRB1*1501 (137–139).

Gender specific differences in MTCT have been reported in several cohorts (140, 141). Female infants are reported to have two- to three-fold increased risk of infection at birth compared to male infants (7, 140, 141). This increased susceptibility has been linked to subversion of innate immunity, with female fetuses acquiring maternal variants resistant to type I interferons (142). Sex-specific differences in in utero infection have also been attributed to the fact that in utero mortality rates of HIV-infected male infants are disproportionately higher and thus more HIV-infected female infants are liveborn. It is also proposed that a minor histocompatibility reaction between infant male Y chromosome-derived antigens and maternal lymphocytes reduce the risk of MTCT to boys (140).



Maternal Co-Infections

Several coexisting maternal infections have been found to be associated with increased MTCT of HIV. Multiple studies demonstrated an increased risk of vertical transmission in the setting of chorioamnionitis (143–145), primarily related to disruption of the placental barrier and entrance of HIV-infected cells into the amniotic fluid (143, 144, 146). Chorioamnionitis complications including preterm labor and premature rupture of membranes can also lead to increased risk of MTCT related to immaturity of the skin and mucosal membranes as well as the premature fetal immune system. In a multicenter prospective cohort, clinical and biologic factors that contributed to MTCT were studied. Histologic chorioamnionitis was found to be a major risk factor for transmitting HIV (147).

Adachi and colleagues evaluated the effect of sexually transmitted infections (STIs) on risk of MTCT in a large cohort of HIV-infected pregnant women and found increased rates of HIV transmission in the presence of a another sexually transmitted disease (148). In general, inflammation of the maternal genital tract mucosa has been shown to increase rate of vertical transmission independent of maternal plasma HIV load (59). Infections resulting in genital ulcer disease such as HSV-2 are also associated with increased genital shedding of HIV (35, 149, 150). Conflicting data exist regarding maternal syphilis infection and MTCT of HIV. A study in Zimbabwe showed that active maternal syphilis at the time of delivery was not associated with intra-partum MTCT risk while several other groups have demonstrated an increased risk of vertical HIV acquisition in the setting of maternal syphilis (146, 151). HIV and Hepatitis B virus (HBV) co-infection are associated with increased HBV, but not HIV transmission to the infant. Maternal Hepatitis C virus (HCV) co-infection has been linked to higher rates of vertical HIV transmission (152–160).

Unprotected sexual intercourse during pregnancy itself is thought to be associated with increased risk of MTCT (161, 162). Bulterys et al. conducted a prospective cohort study in Rwanda that showed that unprotected sexual intercourse with multiple partners before and during pregnancy in a population with high HIV-1 seroprevalence may increase risk of transmission from infected mother to infants (161). Another study by Burns and colleagues also found higher frequency of intercourse during pregnancy among women transmitting HIV to their infants (163). Potential mechanisms include increased HIV strain diversity (i.e., superinfection) (164, 165) and vaginal or cervical inflammation due to microabrasions or STIs that result in chorioamnionitis and/or increased viral shedding in genital fluids (164).

Tuberculosis (TB) is one of the most important causes of mortality and morbidity in HIV infection, especially in women residing in TB endemic areas. Active TB infection increases HIV viral load which is a known risk factor for perinatal transmission (166–168). Gupta et al., found a 2.5-fold increase in the odds of MTCT of HIV in pregnant women with TB/HIV coinfection, after adjusting for maternal and infant factors (169). Similarly, malaria and HIV coinfection is associated with an increased risk of adverse outcomes in pregnant women (170) as well as increased HIV viral load (171). As such, a few studies have suggested an increased risk of perinatal transmission with maternal malaria (172–174), yet others failed to demonstrate this relationship (144, 175, 176). Finally, other common viral infections, such as Cytomegalovirus (CMV), may play a critical role in influencing MTCT. One described mechanism has been through enhancement of placental susceptibility to HIV infection (177).



Maternal Immunological Factors

There are multiple maternal immunological factors associated with increased risk of perinatal transmission, including low CD4+ T cell count, CD4+ T cell percentage, and CD4/CD8 ratio (178). Shivakoti et al. showed that high maternal soluble CD14 concentration during the peripartum period was associated with increased risk of MTCT, independent of maternal viral load, CD4+ T cell count and ART exposure (179), implicating immune activation in transmission.

Adaptive immune responses play an important role in transmission from mother to infant. MTCT is a unique setting where HIV-1 acquisition occurs in the presence of naturally elicited HIV-specific antibodies that are passively transferred prior to birth. Several studies have examined the impact of maternal antibodies on MTCT; however, there have been conflicting results and their role in protecting infants against HIV-1 transmission remains unclear. These contradicting results may be explained by small cohort sizes, lack of control for the other known risk factors for HIV transmission, timing, and methods used in infant diagnosis, and potential clade-specific differences in virus–antibody interactions. Initial studies demonstrated that higher levels of maternal HIV-1 envelope (Env)-specific IgG antibody responses were associated with reduced transmission risk (180, 181).This association was not observed in subsequent studies and research focus was shifted to examine the effect of neutralizing antibodies (nAbs) and their role in modulating the risk of transmission (182, 183). Work conducted in nonhuman primates showed that passive immunization of infants with a cocktail of HIV-1-neutralizing antibodies provided partial protection against oral simian-human immunodeficiency virus transmission (184). Subsequent human studies showed that high levels of maternal nAbs were correlated with reduced MTCT rates while others failed to confirm this association (185–188). However, founder viruses in infants are generally more resistant to neutralization by maternal antibodies (189, 190), suggesting that the transmitted variants are able to escape nAbs and supportive of the idea that maternal antibodies may confer partial protection.

In a large cohort of non-breastfeeding HIV-1 infected women enrolled in the pre-ART era Women and Infant Transmission Study (WITS), Permar and her group found that maternal V3-specific IgG binding responses and CD4 binding site-blocking responses correlated and were independently predictive of reduced MTCT risk (191). They also found that both binding and neutralizing responses targeting the C-terminal region of HIV envelope (Env) were associated with decreased risk of transmission (191). Antibody effector functions beyond neutralization have also been examined for their contribution to MTCT. Maternal antibody-dependent cellular cytotoxicity (ADCC) is thought to have a role in protection against HIV-1 transmission. In one such investigation, plasma and breast milk obtained soon after delivery from 9 transmitting and 10 non-transmitting women in Kenya demonstrated that breast milk Env-specific IgG responses with ADCC activity were associated with decreased MTCT risk (192). However, Pollara et al. found no association of ADCC-mediating responses and MTCT risk in HIV clade C breastfeeding women in Malawi (193). In addition to antibodies and antibody effector functions, Lohman-Payne et al. also reported breast milk HIV gag-specific IFNg responses to be associated with protection from MTCT via breastfeeding in a Kenyan cohort (194).



Infant Immunological Factors

Most infants born to HIV-1 infected mothers do not become infected despite having an immature immune system and repeated exposures to HIV-1 throughout the peripartum and breastfeeding periods. To survive to term, the developing fetus must avoid generating an inflammatory response to the many foreign maternal antigens to which it is exposed during development resulting in a predominantly tolerogenic immune system in the fetus and newborn (195). The tolerogenic environment is facilitated by high levels of anti-inflammatory cytokines such as TGFb and IL-10 (196), which likely subvert immune activation and establishment of infection upon HIV exposure. TGFb also directs naïve CD4+ T cell to differentiate to Tregs resulting in a larger Treg pool in infants, representing 15% of fetal blood T cells compared to 5% of adult blood T cells. These Tregs promote immune tolerance and are long-lived (196, 197). Much of these regulatory cells reside in intestinal tissue and are critical for mucosal immune homeostasis. In addition to higher levels of Tregs, the CD4+ effector cells of infants are predominantly of the Th17 and Th2 phenotype (rather than Th1 as in adults) (198, 199). Th17 cells are critical to maintaining the integrity of the intestinal mucosal barrier and may thus restrict dissemination of infection. Conversely, Tugizov and colleagues have reported lower levels of innate proteins that restrict infection, such as defensins, in infant compared to adult oral epithelia (43).

In the mother-child transmission pair, the infant may be disadvantaged in that the transmitted virus in has already adapted to evade a genetically similar immune system. Anti-HIV-1 antibodies and T cells transferred to the child either in utero or through breastmilk have pre-adapted to the transmitted virus and may be ineffective. Additionally, because of shared HLA alleles the transmitted virus may be preadapted to escape CD8+ T cells targeting HIV epitopes restricted by HLA alleles inherited from the mother further complicating pediatric HIV-1 infection (200, 201). HIV-specific cellular immune responses are detected in exposed uninfected infants, but their role in influencing virus acquisition is uncertain (202, 203).





Implications for Cure Approaches

The World Health Organization recommendations state that all infants and children under two years of age with confirmed HIV-1 begin ART immediately at the time of diagnosis irrespective of CD4+ T cell counts (204). Despite this recommendation, HIV-1-infected children are one third less likely to receive ART than infected adults (205). Reasons for this include fewer drugs available for use by children, higher treatment cost, and dependence on a caregiver to provide ART (206). These factors can complicate the design and implementation of cure studies in children.

A major barrier to HIV cure is the establishment of a reservoir of HIV-infected cells that persists despite suppressive ART and can give rise to rebound viremia if ART is interrupted. In adults, it is well documented that viral reservoirs are established during early stages of HIV infection (207) and this finding is supported by the SIV/macaque model in which rapid seeding of the viral reservoir within 3 days of infection has been described (208). Furthermore, rebound of viremia is almost always seen after ART discontinuation in both horizontally infected adults and perinatally-infected children (209–211). However, little is known about the exact timing of reservoir seeding in different MTCT settings and whether there are differences in reservoir establishment in relation to time of infection and mode of transmission. Increased understanding of these factors may aid in the development of approaches to eradicate viral reservoirs and/or induce viral remission (sustained viral suppression in absence of ART) in children.

The uniqueness of the in-utero transmission window allows for rapid detection and treatment as children born to women with HIV can be screened at birth. Such early detection is not generally feasible in adult transmissions. Infants diagnosed at birth via rapid point-of-care testing can begin ART within the first few hours of life (212). Infections arising from intra- or post-partum transmission will not be detected at the time of birth, so follow-up care and repeated testing are required to monitor these transmission modes. In these instances, early ART initiation is not as practical in resource limited settings, although current United States guidelines recommend triple drug prophylaxis (given at therapeutic dosing) for neonates with high risk of acquiring HIV infection.

Contemporary studies of HIV reservoirs in perinatally infected infants and children have focused on in utero transmission, following the description of the ‘Mississippi child’. This child received ART between 30 hours and 18 months of age, and then remained persistently aviremic for 27 months after discontinuation of ART before rebound (209, 213). In utero infection was documented, but the child did not develop HIV-specific antibody or T cell responses, thought due to the very early initiation of ART. Despite the eventual rebound, this partial remission led to several clinical trials of very early ART (typically considered to be within 48 hours) to limit the size of the HIV reservoir and investigate the possibility of achieving post-treatment control after ART interruption. Results from the Early Infant Treatment (EIT) study in Botswana have demonstrated that very early ART leads to an exceptionally small reservoir of intact proviral HIV DNA as well as an improved innate and adaptive antiviral immune response compared to delayed ART (214). As of this writing, results from the ART interruption phase of the very early ART trials, including EIT and IMPAACT P1115 (215), have not been published. Kuhn and colleagues describe challenges in meeting predetermined virologic and immunologic criteria for ART interruption in the LEOPARD trial of very early/early ART conducted in South Africa (216).

The South African Children with HIV Early antiRetroviral therapy (CHER) trial (217), that included children with in utero and intrapartum HIV infection, has led to a number of key findings regarding persistent HIV reservoirs. One report demonstrated rare intact proviral sequences in children after 6-9 years of ART initiated after 2 months of age but within the first year of life using near full-length proviral amplification and sequencing (218). This group further identified clones of infected cells shortly after birth that could also be detected after almost a decade on ART, suggesting that clonal expansion of reservoir cells maintains HIV persistence in children as it does for adults (219). Two additional case reports of long-term HIV remission have emerged, one from the CHER trial, with unknown timing of infection (in utero vs intrapartum) (220) and the other from a French cohort, with presumed intrapartum transmission (221), both of whom started ART at 2-3 months of life.

There have been relatively fewer studies of reservoir characteristics in children infected postpartum through breastfeeding. However, presently over half of new infections occur postnatally through breast milk (9). As this route has become predominant in perinatal HIV infection, a nonhuman primate model has been established to better understand virologic and immunologic features of lentivirus infection following postpartum transmission, more precisely define anatomic sites of virus persistence, and test strategies to promote reservoir eradication or remission (46, 47, 222–224). These and other ongoing studies may inform the design of future cure-directed clinical trials in children with HIV infection acquired through breast milk.

Regardless of the mode of transmission earlier ART is generally associated with a smaller reservoir during viremia suppression (210, 214, 225–237), although starting ART within 14 days of life may not lead to significantly greater HIV DNA persistence compared to within 48 hours of life (238). ART initiation within 8 days has also been associated with a faster HIV DNA decay compared to ART started at 5 months (239). Female sex and maternal acute HIV infection during pregnancy have been associated with higher levels of persistent HIV DNA (240).

While protocol-specified ART interruption has not occurred in recent clinical trials, studies of intermittent viremia vs. sustained viral suppression can be informative to identify biomarkers that may be predictive of viral rebound dynamics. These findings are by nature complicated by behavioral factors, including adherence to ART regimens. Millar and colleagues assessed factors associated with intermittent viremia in in utero infected infants started on early ART (in the first 3 weeks of life) (240). A smaller reservoir size as measured by total HIV DNA in PBMCs was not correlated with maintained viral suppression whereas a longer time to initial viral suppression was, implicating immunologic contributions to aviremia, although this finding may have been influenced by ART nonadherence. In children in the EIT study who started on ART at < 7 days of life, sustained HIV RNA suppression was associated with negative HIV serostatus and negative qualitative HIV DNA PCR at ~20 months (225). HIV seronegativity has also been described in other studies of early or very early ART and has been proposed as an estimate for reservoir size (227, 228, 241–244).

Identification of cure strategies that target latently infected cells, allow immune recognition and clearance of the reservoir, and/or promote viral remission are currently considered extremely high priority for the field. Unlike in adults, few cure strategies have been tested in children to date, with the exception of very early ART that it is now understood is insufficient to lead to cure in the majority of individuals. However, there are several approaches that may provide benefit in the setting of perinatal HIV transmission, and their study should be carefully considered for certain populations (Figure 2). The design of such studies should take into consideration not only the timing of ART initiation, but also the duration of ART (and therefore age of the trial participant), as well as the known or presumed mode of HIV transmission (in utero, intrapartum, or postpartum). For example, a neonate infected in utero and initiating very early ART is likely to be vastly different both virologically and immunologically from an adolescent who acquired HIV through breastfeeding with delayed ART initiation and periods of unsuppressed viremia over years. In the former case, adding the cure directed therapy at the time of early ART initiation may lead to an extremely small reservoir size (or even prevent reservoir establishment in the best-case scenario). This cure-directed therapy might include one or multiple broadly neutralizing antibodies delivered by passive (as is being tested in IMPAACT 2008 (215) or active immunization along with ART. A novel proposed strategy, termed “surge and purge,” combines very early ART, passive antibody administration, and immune stimulation to destabilize reservoir establishment (245). Infants and children with very small reservoirs may also be good candidates for approaches designed to silence HIV expression (“block and lock”). For the school aged or adolescent child with a larger reservoir size, the “kick and kill” approach may be more effective, with a latency reversal agent used to reactivate virus expression followed by immune-based clearance of infected cells. Studies in nonhuman primates support the notion that pre-existing reservoir size as well as age-related factors may influence susceptibility to latency reversal (246, 247). Therapeutic HIV vaccines designed to boost antiviral T cell responses may have benefit in kick and kick strategies targeting established infection (223, 248) and possibly in limiting reservoir size early in infection, although in both settings the impact may depend on the child’s age at vaccination, the timing of ART, and the degree of immune exhaustion present. Results from the HVRRICANE trial are forthcoming, in which a prime-boost vaccine strategy will be tested in combination with a TLR4 adjuvant (hypothesized to reverse latency) in HIV-1-infected children with history of early ART or previous immunization with one of the vaccine components (215).




Figure 2 | Possible HIV cure approaches for perinatally infected infants, children and adolescents. Strategies in bold have been or are being studied in pediatric clinical trials.



In summary, HIV MTCT is promoted by distinct immunopathogenesis for the three different routes of transmission that may also affect HIV persistence. Consideration of the complex interaction between viral, maternal, and fetal/infant factors may enhance the pursuit of strategies to achieve an HIV cure for pediatric populations. Future preclinical and clinical trials from the neonatal period through adolescence will further elucidate how MTCT influences the potential for HIV cure.
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Week 1 postpartum

Week 5 postpartum

Immune Factors

Basic FGF
G-CSF
GM-CSF
IL-5

IL-7
PDGF-BB
VEGF
TGF-g2
EGF

STUDY GROUP CONTROL GROUP
(n=36) (n=45)
Median (IQR) Median (IQR)
64.0 (28.6-73.3) 22.5 (16.4-46.3)
178.6 (116.1-287.1) 104.3 (68.1-224.6)
13.5 (12.9-14.6) 1.4(0.82.7)

17.4 (7.9-24.3) 23.7 (10.9-36.9)

114.7 (33.3-147.7) 27.5 (19.3-33.4)

54.8 (28.7-70.7) 23 6 (14.9-31.5)
11.5 (4.5-16.4) 6(3.8-11.2)
25(1.7-3.0 2,1 (1.7-2.5)
5.6 (4.5-6.6) 5.4 (4.9-5.9)

P
<0.001
0.227
<0.001
0.321
<0.001
<0.001
0.090
0.164
0.768

STUDY GROUP
(n=237)

Median (IQR)

59.4 (55.1-64.9)
147.8 (121.9-208.5)
13.6 (7.8-16.1)
21.1(14.8-35.7)
113.9 (53.2-135.0)
40.9 (35.7-67.5)
10.4 3.7-11.5)
2.7 (1.7-3.0)
5.4 (4.3-6.0)

*Concentrations are expressed as ng/L, with the exception of VEGF, TFG-f2 and EFG (expressed as ug/L).
ap: Mann-Whitney U test was used to evaluate differences in concentration of growth factors between milk samples of STUDY GROUP and CONTROL GROUP collected in week 1 postpartum.
°p: Mann-Whitney U test was used to evaluate differences in concentration of growth factors between t mik samples of STUDY GROUP and CONTROL GROUP collected in week 5 postpartum.
°p: Wilcoxon signed rank test was used to evaluate differences in the concentration of growth factors of the milk samples of STUDY GROUP between week 1 and week 5 postpartum.
ds: Wilcoxon signed rank test was used to evaluate differences in the concentration of growth factors of the milk samples of CONTROL GROUP between week 1 and week 5postpartum.

CONTROL GROUP
(n=45)
Median (IQR) *p

12.8(9.6-21.7) <0.001
32.4 (12-110.9) <0.001
2(0.8-11) 0.006
20.8 (9.8-29.5) 0.540
28.2(21.1-52.3) <0.001
23,6 (13.3-34.8) <0.001
2.7 (1.8-3.4) <0.001
19 (1.7-2.1) 0.003
5(4.3-5.5) 0.120

°p
0.394
0.245
0.086
0275
0.225
0.458
0.007
0014
<0.001

‘%
<0.001
<0.001

0016
0612
0.052
0.786
<0.001
<0.001
<0.001
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Week 1 postpartum Week 5 postpartum
STUDY GROUP CONTROL GROUP STUDY GROUP CONTROL GROUP

(n =36) (n=45) (n=37) (n = 45)
Immune Factors Median (IQR) Median (IQR) o Median (IQR) Median (IQR) bp °p 4
IFN- ¥ 160.5 (78.8-301.8) 50.4 (23.7-117.7) 0.003 135.8 (18.3-151.6) 11.8 (4.3-23) <0001  <0.001  <0.001
IL-1B 3.2 (1.5-5.0) 2.1(1.4-37) 0.273 2.7 (1.8-3.3) 1.0 (0.7-1.4) <0001 0117  <0.001
IL-1ra 5066.4 (1642.5-62227.1)  1444.3 (676.2-3939.5)  0.023  5896.3 (662.9-5979.4)  443.6 271.9-852.4) <0.001  0.004  <0.001
IL-2 5.8 (3.8-7.8) 42 (3.0-6.1) 0.164 4.7 (2.4-6.7) 3.1(2.3-3.8) 0014 0300  0.002
IL-4 3.9(1.3-3.7) 1.0 (0.6-2.1) 0.001 2.6 (1.6-2.7) 0.5 (0.3-0.7) <0001 0007  <0.001
IL-6 208.5 (28.5-223.7) 17.7 (7.5-46.2) <0.001 207.1 (21.1-212.1) 3.6 (2.3-10.9) <0001 0075  <0.001
IL-9 29.8 (14.8-40.8) 13.1 (8.6-20.0) 0.005 27.3 (11.1-29.7) 5.4 (3.9-8.4) <0001 0041  <0.001
IL-10 3.3(1.8-4.8) 3.7 (2.04.7) 0.795 2.9 (1.9-4.2) 3.3 (2.7-4.3) 0363 0279 0565
IL-12 (p70) 3.9 (3.0-4.5) 3.8 (3.4-4.3) 0.890 3.4 (2.8-4.1) 3.8 (3.4-4.1) 0052 0505 0712
IL-13 1.4 (0.9-1.9) 0.9 (0.7-1.3) 0.007 1.4 (0.8-1.9) 0.9 (0.7-1.3) 0043 0260  0.756
IL-15 94.3 (59.9-164.7) 99.2 (82.6-137.2) 0.921 90.7 (67.5-149.9) 90.7 (49.1-128.3) 0560 0734  0.039
IL-17 13.2 (5.4-15.9) 11.3 (10.4-16.7) 0.436 11.8 (5.0-15.3) 9.7 8.1-12.5) 0567 0915  0.007
TNF-o; 106.3 (67.9-130.2) 35.5 (25.9-75.8) 0.001 92.2 (73.0-112.4) 17.7 (11.5-50.8) <0001 0314  <0.001

%p: Mann-Whitney U test was used to evaluate diffierences in concentration of cytokines between milk samples from STUDY GROUP and CONTROL GROUP collected in week 1

postpartum.

®p: Mann-Whitney U was used to evaluate differences in concentration of cytokines between milk samples STUDY GROUP and CONTROL GROUP collected in week 5 postpartum.
°p: Wilcoxon signed rank test was used to evaluate differences in the concentration of cytokines of the milk samples of STUDY GROUP between week 1 and week 5 postpartum.
95: Wilcoxon signed rank test was used to evaluate differences in the concentration of cytokines of the milk samples of CONTROL GROUP between week 1 and week 5 postpartum.
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Week 1 postpartum

Week 5 postpartum

Immune Factors

Eotaxin
IL-8
IP-10
MCP-1
MIP-10:
MIP-1B
RANTES
GRO-a

STUDY GROUP CONTROL GROUP
(n=36) (n=45)
Median (IQR) Median (IQR)
24.2 (14.6-32.9) 14.5 (4.3-23.3)
1919.0 (299.7-2606.6)  584.2 (234.7-1916.7)

18.2 (7.2-53) 10.5 (4.1-18.5)
2078.4 (650.8-2738.4) 892.7 (544.1-2601.7)
43.9 (10.3-47.1) 13.4 (6.3-41.9)
212.7 (81.2-344.9) 112.9 (38.3-293.6)
84.5 (48.7-115.0) 44.3 (26.2-84.1)
7.4 (4.8-8.9) 7.9 (6.6-8.5)

P
0.020
0.187
0025
0.221
0.040
0270
0.082
0.314

STUDY GROUP
(n=237)

Median (IQR)

16.9 (10.4-21)
1921.4 (213.4-2021.5)
21.9(10.0-58.3)
2010.2 (730.6-2288.2)
43.4 (26.1-44.0)
191.6 (88.2-204.3)
81.0(61.1-142.1)
7.3(47-8.7)

“Concentrations are expressed as ng/L, with the exception of IP-10 and GRO-o (expressed as ug/L).
%p: Mann-Whitney U test was used to evaluate diffierences in concentration of chemokines between milk samples of STUDY GROUP and CONTROL GROUP collected in week 1

postpartum.

CONTROL GROUP
(n=45)

Median (IQR)

3.1(1.8-5.3)
47.7 (20.5-167.7)
2.8(1.2-11.8)
123.1 (53.4-732.4)
25(1.06.7)
10.5 (7.3-44.3)
18.5 (14-39.8)
7.3 (6.0-8.1)

°p

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

0.856

c

4

<0.001
0.001
0.750
0.027
0.041
0.054
0.427

<0.001

‘%
<0.001
<0.001

0002
<0.001
<0.001
<0.001

0011
<0.001

bp: Mann-Whitney U test was used to evaluate differences in concentration of chemokines between milk samples of STUDY GROUP and CONTROL GROUP collected in week 5

postpartum.

°p: Wilcoxon signed rank test was used to evaluate differences in the concentration of chemokines of milk the samples of STUDY GROUP between week 1 and week 5 postpartum.
"p: Wilcoxon signed rank test was used to evaluate differences in the concentration of chemokines of the milk samples of CONTROL GROUP between week 1 and week 5 postpartum.
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Gestational Trimester of Infection®

Variables N-CONTROL. First Second Third No
(n=4) (n=8) (n=6) (n=15)
Diameter (um) 376 383 402 39.8 401
(434-30.4)  (46.3-20.1) (45.3-32.1) (44.6-29.1) (50.6-29.1)
NS
Area (um?) 1867 1812.9 2119.4 22418 2165.1
(2496-1314)  (3536.9-1228.8) (2927.2-1377.9) (2917.7-1527.3) (3671.2-1228.8)
NS
Perimeter (um) 174 1742 182.1 186.2 181.2
(19-148)  (207.2-142.2)  (477.7-163.2)  (203.8-154.3) (477.7-142.2)
0.0202°
Number of knots/villi 69 99 14 86 98
(11.7-42) (11679 (14.3-93) (155-4.7) (155-4.7)
0.0062*
Number of sprouts/villi 09 19 24 21 24
(1.9-0.3) 3.2-1.6) (3.1-1.4) (2.6-1.8) 3.2-16)
<0.0001°
Number of cells CD163+/villi 06 27 22 19 20
(1.0-0.1) 8.3-2.0) @3-1.7) @3-1.7) @413
<0.0001°
Analysis only for the ZIKV group.

'Five cases of unknown gestational trimester.

SMain pathological findings: umbilial artery ageness (1), mild acute funists (1), and vilous immaturty (6).

“Major central nervous malformations: microcephaly (3), spina bifda (1), hyaocephalus (2), and encephalocele (1),
% value refers to the second trimester vs. N-control.

bp-value refers to the e third trimester vs. N-control and first vs. the third trimester.

Pathological Alterations of Placenta on Conventional Microscopy§

0.0226

NS

0.0212

0.0101

Congenital Zika Syndrome*

Yes No Yes
=8 (n=15) (n=8)
449 40.0 455
(67.7-36.6) 45.3-29.1) (67.7-36.6)
0.0109
2907.4 2119.4 2807.1
(4354.4-1673.3) (2027.2-1228.8) (4354.4-1673.3)
0.0102
208.9 180.3 214.0
(257.6-163.2) (477.7-1422)  (257.6-176.9)
0.0035
102 101 9.8(11.6-35)
(11.6-35) (15.5-4.7)
0.0054
20 22 28
@8.3-1.4) @2-1.4) 3.3-1.7)
<0.0001
25 20 28
@4-1.7) @4-13) (4.4-1.4)
<0.0001

“p-value refers to the third trmester vs. N-control; first vs. the second and third trimester. Kruskal-Walis test and t-test; values of p < 0.05 indicated statistical significance.

NS, not significant p-value.
Bold values = Statistically significant values.
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Patient
code

16-7859
18-13016

16-8315
18-4906
18-14057

16-7599
16-3340
18-9951
16-6144
17-2491
16-7667
18-5040
16-7155
16-5762
18-11859
18-5502
16-3787
18-4510
18-6601

Maternal
age (yr)

20
23

18
20
42

25
39
24
29
35
36
24
25
39
38
27
24
19
16

Maternal Comorbidities

Hypothyroidism

Chronic hypertension and
hypothyroidism

Obesity

None

Diabetes, chronic hypertension,
bipolar disorder
Gestational diabetes
None

None

None

None

None

None

Obesity

Hypothyroidism
Gestational diabetes, obesity
None

None

None

Hypertensive disorder in
pregnancy

Outcome

Gestational age at
delivery

3243
3542

40+4
28
33+4

39
38+3
37+2

39
32+4
36+4
32+4

40
39+3
36+1
37+2
37+4
4042
24+5

APGAR (1 min/5 min)/
Fetal Outcome

(3/7) Preterm newbormn
(4/8) Preterm newborn

(7/9) Term newborn
(7/8) Preterm newborn
(2/8) Preterm newborn

(8/10) Term newborn
(7/9) Term newborn
(8/9) Term newborn
(9/10) Term newborn
(8/9) Preterm newborn
(9/9) Preterm newborn
(1/6/8) Preterm newborn
(7/9) Term newborn
(8/9) Term newborn
(6/9) Preterm newborn
(7/9) Term newborn
(9/10) Term newborn
(7/8) Term newborn
(8/9) Preterm newborn

Fetal
weight (g)

1180
2223

3810
1205
1650

3460
3005
3690
3345
2900
2315
1555
2830
3490
2925
2500
2945
1990
2235

Placental weight (g)
Macroscopic alterations

270/Placental hypoplasia
498/none

514 none
248/none
243/Placental hypoplasia

480/none
395/none
574/none
394/none
416/none
319/none
297/Infarcts (5%)
375/none
465/Infarcts (10%)
450/none
552/none
461/none
413/none
368/none
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Variable Control COVID-19 p-value
Clinical data Maternal Maternal age (years) 25 (16-42) 32 (22-42) 0.21
Gestational age (weeks) 36 (23-40) 36 (23-41) 097
Comorbidities Hypertensive disorder (3) Hypertensive disorder (3) 1
Gestational diabetes (3) Gestational diabetes (4)
Obesity (3) Obesity (4)
Hypothyroidism (3) Hypothyroidism (4)
None (11) None (7)
Fetal APGAR 1 min/5 min 7 (1-9/9 (6-10) 8(0-9)/9 (0-10) 0.41/0.33
Fetal weight (grams) 2865 (1,180-3,810) 2663 (610-3,925) 0,94
Placental Weight (grams) 406 (243-573) 412 (135-775) 0,79
Placental diameter (centimeters) 17 (12-19) 16 (12-22) 0,87
Infant death 0 3 0.09
Preterm delivery 9 10 0.74
Term delivery 10 9 0.74
Morphological variables MVM Villous infarction 5 2 0.21
Distal villous hypoplasia 6 4 0.46
Accelerated villous maturation/increase in 5 8 0.30
syncytial knots
Decidual vascular mural hypertrophy 5 10 0.09
Absence of spiral artery remodeling 1 6 0.03
Decidual vascular fibrinoid necrosis without 1 3 029
foam cells
Decidual vascular fibrinoid necrosis with foam 0 2 0.14
cells
Decidual arterial thrombosis 0 1 0.31
FVM Avascular vili small foci 1 1 1.0
Avascular villi intermediate foci 1 0 031
Fetal vascular thrombosis 1 6 0.03
Fetal vascular thrombosis —umbilical cord 0 5 0.02
Fetal vascular intramural fibrin deposition 0 2 0.14
(non-occlusive)
Vascular ectasia 2 1 0.54
DVM Delayed villous maturation (focal - <30%) 1 4 0.15
Delayed villous maturation (extensive - >70%) 2 2 1.0
Cl Chronic deciduitis—non-intense 17 16 0.31
Chronic deciduitis—intense 1 0 0.29
Vilitis—low grade 1 1 1.0
Chronic intervillositis —low grade 3 2 0.63
Chronic intervillositis—high grade 1 2 0.54
MIR Subchorionitis/chorionitis 5 6 0.72
Chorioamnionitis —non-intense 2 0 0.14
Chorioamnionitis (necrosis) —intense 0 1 0.31
FIR Umbilical vasculitis 2 1 0.63
Others  Intervillous thrombi 3 1 029
Villous fibrin (focal—<30%) 15 14 0.70
Villous fibrin (multifocal 30-70%) 3 5 042
Villous fibrin (extensive—>70%) 1 0 0.31
Villous edema 3 4 0.70
Chorangiosis 4 3 042

p-value refers to the comparison between COVID-19 vs. the Control group; relevant values are highlighted (bold). p-value < 0.05. MVM, maternal vascular malperfusion; FVM, fetal vascular
malperfusion; DVM, delayed vilous maturation; Cl, chronic inflammation; MIR, maternal inflammatory response; FIR, fetal inflammatory response.





OPS/images/fimmu.2021.685919/table4.jpg
Variable Control COvVID-19 p-value
Clinical data Maternal Maternal age (years) 28.3 (18-42) 33 (26-42) 0.41
Gestational age (weeks) 33.9 (23-39) 33.6 (23-38) 0.78
Comorbidities Hypertensive disorder (2) Hypertensive disorder (2) 1
Gestational diabetes (2) Gestational diabetes (2)
Hypothyroidism (2) Hypothyroidism (2)
None (7) None (4)
Fetal APGAR 1 min/5 min 6.5 (2-9)/8.7 (7-10) 6.6(0-9)/7 (0-10) 0.59/0.48
Fetal weight (grams) 2656 (1,180-3,810) 2213 (610-3,030) 0.94
Placental Weight (grams) 395 (243-573) 367 (135-650) 0.87
Fetal/Placental ratio 6.74 (4.3-8.4) 5.96(3.63-7.55) 0.61
Placental diameter (centimeters) 16.45 (13-19) 16.2 (12-20) 0.88
Infant death 0 3 0.11
Preterm newborn 7 6 0.66
Term newborn 4 4 0.66
Morphometric variables HE Villi number 9.0 (6.3-14.5) 8.3 (4.7-10.9) 0.62
Knots/villus 0.81(0.6-1.0) 0.81(0.6-1.0) 0.97
Sprouts/villus 0.16 (0.1-0.3) 0.19 (0.1-0.5) 0.92
Villus diameter 50.52 (43.4-58.8) 51.4 (45.5-63.0) 0.57
Villus perimeter 288.42 (202.7-368.5) 271.93(213.8-358.4) 0.37
HPt Fibrin area (um?) 485.36(61.9-1749.6) 686.64 (170.3-2053.0) 0.08
SiriusRed Collagen | percentage 41.01(10.1-66.1) 36.40(13.8-68.6) 0.45
Collagen IIl percentage 58.99(33.9-89.9) 63.60 (31.4-86.2) 0.45
Immunohistochemistry CD68+ Hofbauer cellvillous 1.2 1.7 0.12

p-value refers to the comparison between COVID-19 vs. the Control group; relevant values are highlighted (bold). p-value < 0.05. HPt, phosphotungstic hematoxylin.
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Primer sequences

5COGCTGOCCAMCACAGE' SCCACTAACGTICTTTTGCAGACATS
STCATATCTICAACGAMGAGGTAS' 5 CAGTGAGGAATGTCCACAMCTGS
SGTANTGAAAGACGGOACACCS' SATTAGAACAGTCCAGCOOAY
STAAGGGTTACTTGGGTTGOCAAGS § CAAATGCTCCTIGATTICTGGGCY
‘5/AGOAACAGOAMGGOGAAAS 5 CTGGACCTGTGGGTTGTTGAY
5CTGGAGCAGCTGAATGGAAGS 5 CTTGAAGTCOGOCCTGTAGGT
5CTITGTOAAGCTCATTTCOTGGY 5TCTIGCTCAGTGICOTIGS
5CCTCACACTCABATCATCTICTCAS' 5TGGTICTCTTTGAGATOCATGES'
5TCTGOCARGAATGTGACGCTS' 5 COAAGCOGCAMGAATGTOCY

GenBank accession no.

NM_0o11682
XM_006498795.4
NM_0105482
NM_008337.
NM_010510.1
XM_017321385.2
NM_0136033
NV_001291068.1
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Patient  Maternal
code age (yr)

20-3594 26

20-3561 38
20-3282 40

20-5379 38

8B

20-5776 42
20-5869 27
20-3916 24
20-4850 25
20-5006 22

20-5009 23
20-5031 35
20-6551 32
20-6680 38
20-7035 34
20-6071 34

Maternal Comorbidities

Hypertensive disorder in pregnancy and
hypothyroidism
Hypothyroidism
Situs inversus totalis with metaliic stent

Gestational diabetes

Gestational diabetes, hypothyroidism,
obesity, bipolar disorder, and syphiis
(treated)

None

Gestational diabetes and
Hyperthyroidism

Hypertensive disorder in pregnancy

None

None

None

Obesity

Obesity

Hypothyroidism

Gestational diabetes, obesity
None

None

None

Hypertensive disorder in pregnancy

covip-19

Symptoms/
Severe
Disease

e

SARS-CoV-2 testing

Outcome

RT-PCR Maternal
NS swab/
Trimester

+/3rd

*/2nd
+/3rd

+/2nd

+3rd

+3rd
+/3rd

+/2nd

+/3rd
+/3rd
+/3rd
+/3rd
+/3rd
*/3rd
+/3rd
+/3rd
+/3rd
+/3rd
+/3rd

Maternal
Serology

IgM+/IgG+

IgM+/IgG+
na

na

IgM+/IgG+

na
na

IgM+/IgG+

na
na
IgM+/IgG+
na
na
IgM+/IgG+
na
na
na
na
na

RT-PCR placenta/
RT-PCR fetal
samples

%

s

/4

~/na
~/na

+/45

s
~/na
~/na
na/~
na/~
na/~
na/~

na/na

na/na
na/~
na/~

Gestational
age at
delivery

33

28+2
33+5

23+6

3441

38+6
37+4

28+3

36+5
37+2
38+6
30+2
4140
38+4
36+4
38+5
37
39
3446

APGAR (1 min/5 min)/  Fetal

Fetal-Maternal
Outcome

(5/9) Preterm newbomn

(na) Preterm newborn
(0/0) Neonatal death/
Matemal death
(1/5) Neonatal deathv
Matemal death
(na) Preterm newborn

(9/10) Term newbormn
(8/9) Term newborn

Intrauterine death

(9/10) Preterm newbom
(9/10) Term newborn
(9/10) Term newborn
(na) Preterm newbom
(4/9) Term newbom
(5/9) Term newborn
(8/9) Preterm newbom
(8/9) Term newborn
(9/10) Term newborn
(9/9) Term newbormn
(7/8) Preterm newborn

weight

(9

2450

na
2300

610

2960
2600

1020

2605
2345
3030
na
3110
3925
2720
3070
2875
3115
2370

Placental weight (g)/
Macroscopic
alterations

448/nfarcts (<5%)

245
416

168/Placental
hypoplasia
412/Infarcts (<5%)

462
358/Infarcts (<5%)

135/Placental
hypoplasia and infarcts
(30-40%)

382

370

650

410

670
775/Hydropic placenta

450

448

318

438

384

'rt-PCR not available—diagnostic by serology.
RT-PCR positive in fetal samples: **Nasofaringeal swab and $Umbilial cord blood

na. not available.
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