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Differential Type 1 IFN Gene Expression in CD14+ Placenta Cells Elicited by Zika Virus Infection During Pregnancy
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Zika virus (ZIKV) is an arthropod-borne Flavivirus that can also be transmitted vertically from infected mother to fetus. Infection of the fetus during pregnancy can lead to congenital malformations and severely impact fetal brain development causing a myriad of diseases now labeled Congenital Zika Syndrome (CZS). The mechanisms by which ZIKV crosses the placenta into the fetal circulation and the extent of ZIKV-induced changes remain unclear. We have previously shown that ZIKV infection of pregnant rhesus macaques results in abnormal oxygen transport across the placenta which may promote uterine vasculitis and placental villous damage. Changes in immune cell frequencies and activation status were also detected, as were distinct changes in the proportions of CD14+ cell subsets with an altered ratio of classical to non-classical CD14+ monocyte cells in both the maternal decidua and placental villous from ZIKV-infected animals compare to uninfected controls. In the current study, we performed single cell RNA sequencing on CD14+ cells isolated from the decidua of animals that were ZIKV infected at 31, 51, or 115 days of gestation (where term is ~168 days) compared to pregnant, time-matched uninfected controls. Bioinformatic analysis identified unique transcriptional phenotypes between CD14+ cells of infected and uninfected animals suggesting a distinct and sustained difference in transcriptomes between infected and uninfected CD14+ cells derived from the decidua. The timing of ZIKV infection had no effect on the CD14+ cell transcriptional profiles. Interestingly, ZIKV infection caused changes in expression of genes in pathways related to cellular stress and metabolism as well as immune response activation. Type 1 interferon response genes (ISGs) were among those that were differentially expressed following infection and these included members of the ISG12 family, IFI27 and IFI6. These ISGs have been recently described as effectors of the IFN response to flaviviruses. Supplementing our animal findings, in CD14+ cells isolated from human placenta, ZIKV infection similarly induced the expression of IFI27 and IFI6. Overall, our results showed that ZIKV infection during pregnancy induces the stable expression of antiviral genes within CD14+ cells of the placenta, which may provide an immune shield to protect the placenta from further infection and damage.
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INTRODUCTION

Zika virus (ZIKV) is a flavivirus most commonly transmitted by the bite from an infected Aedes mosquito. Unique to ZIKV as a flavivirus, vertical transmission can occur from an infected mother to the fetus, and through sexual contact. ZIKV has emerged in recent years as a significant threat to humans primarily because of the effects it has on neonates. Historically, in healthy individuals, infection is most often either asymptomatic or results in mild symptoms. However, in the most recent epidemic, evidence indicates that ZIKV can cause neurological sequelae such as Guillain-Barre Syndrome in adults (1, 2). Prenatal ZIKV exposure was first associated with an increased risk for severe microcephaly in infants (3, 4). It is now clear that infection during pregnancy can result in a range of presentations with variable severity referred to as Congenital Zika Syndrome (CZS), divided into mutually exclusive categories: (1) brain abnormalities and/or microcephaly and (2) neural tube defects, eye abnormalities, or consequences of central nervous system dysfunction among fetuses or infants without evidence of other brain abnormalities or microcephaly (3, 5). The most severe phenotype appears to be associated with exposure during the first trimester (6), although confirmed CZS after exposure during all 3 trimesters has been reported. In fact, nearly half of the infants exposed to Zika in utero manifest abnormalities at birth or have symptoms during the first year of life (4, 7).

The severity and lasting effects of ZIKV infection on the developing fetus and pregnancy outcomes has attracted attention as a research topic. However, it is unknown what role placental dysfunction plays in ZIKV infection outcome. ZIKV RNA and/or antigen have been detected in multiple cell types within the placenta of human, non-human primate (NHP) and mouse models of infection (8, 9). For example, in human placenta from mothers infected with ZIKV, evidence of viral infection has been detected in the chorionic villi, placenta macrophages and histocytes in the intervillous space (9, 10). In a single pregnant pigtail macaque (Macaca nemestrina) infected with ZIKV, several aspects of CZS were characterized along with inflammation at the maternal-fetal interface, including mild decidual perivascular inflammation (not unusual in human decidua) and placental acute chorioamnionitis (11). Our group has shown that ZIKV infection of pregnant rhesus macaques (Macaca mulata), regardless of the severity of fetal effects, results in abnormal oxygen transport within the fetus with a dramatic effect on placental oxygen reserve (8). We hypothesize that these findings may be related to alterations in placental cell immune activation as well as a decrease in the ratio of classical (CD14+CD16-) to non-classical monocytes (CD14-CD16+) and an increase in intermediate monocytes (CD14+CD16+) in both the decidua and villous from ZIKV infected dams compared to uninfected controls (8).

Monocytes are a key immunomodulating cell during pregnancy these cells are critical for placental development and fruition (12). Infection of these cells is likely to alter their antiviral state and alter dissemination of the virus. For example, studies with human samples have shown ZIKV infects macrophages of the placenta inducing production of anti-viral factors including type 1 interferons (IFNs) (13). Beyond the placenta, human CD14+ monocytes are a primary site of ZIKV infection in pregnant and non-pregnant individuals (14). Analysis of human PBMCs infected in vitro, and PBMCs isolated from Zika virus positive Nicaraguan patients, demonstrated that CD14+CD16+ cells are the main targets of infection and this population of cells is expanded during infection (15).

Studies thus far support placenta CD14+ cells as an important site of infection and antiviral response during ZIKV infection. However, the impact of maternal ZIKV infection on CD14+ cell gene expression in the placenta and the effect that expression specific changes have on downstream cellular functions and viral infection is unknown. Viral infection is a dynamic process driven by an interplay between cellular pathways and viral mechanisms. In the current study, we performed single cell RNA sequencing on CD14+ cells isolated at 135 days of gestation (G) from the decidua of animals that were ZIKV infected at either G31, G51, or G115 and the results were compared to pregnant, time-matched uninfected controls. This method provided an unbiased characterization of transcriptional changes in individual CD14+ cells with insights into unique molecular signatures and discovery of specific cell functions. The overall objective of our study was to build upon our previous data from our NHP model of ZIKV infection during pregnancy by taking a targeted approach to determining immune cell characterization and function. Our data reveal the upregulation of multiple gene pathways involved in translation control, cellular stress and growth regulation, inflammation, and innate immunity that we suggest contribute to the antiviral response generated by CD14+ placenta cells following in utero ZIKV exposure.



METHODS


Ethics Statement Regarding Non-human Primate Research

Animal samples used in this study were collected from previous studies performed in compliance with local and national animal welfare bodies and in strict accordance with Institutional Animal Care and Use Committee (IACUC) protocols. Rhesus macaque studies were performed in a bio-containment facility at the Oregon National Primate Research Center (ONPRC), which is accredited by the Assessment and Accreditation of Laboratory Animal Care (AAALAC) International. In our previous studies the dams and fetuses were humanely euthanized using a method that is consistent with the recommendation of the American Veterinary Medical Association.



Cells and Viruses

Zika virus isolate PRVABC59 received from the Centers for Disease Control (CDC) (16). PRVABC59 was passaged twice on C6/36 cells (ATCC CRL-1660) this working stock was concentrated by ultracentrifugation through a 20% sorbitol cushion, titered on confluent monolayers of Vero cells (ATCC CRL-1586), and sequenced and described previously (17). All cells were cultured in Dulbecco's modified eagle medium (DMEM) containing penicillin-streptomycin-glutamine and 5–10% fetal bovine serum (FBS) and cultured at 37°C.



CD14+ Cell Separation From Human Term and Experimental Rhesus Macaques Placenta

For our in vitro studies, CD14+ cells were isolated from experimentally infected rhesus macaque placenta and full-term human placenta that were processed as described below.


Rhesus Macaque Placenta

At the time of necropsy, ~0.5–1g samples of rhesus macaque maternal decidua and fetal villous tissue were carefully dissected to avoid cross contamination (n = 3 infected and uninfected). Decidua and villous samples were collected separately into 5 mL of HBSS supplemented with 2% FBS and 10 mM Hepes (HBSS +). Tissues were dissected into a fine slurry using forceps prior to being digested with 50 mg collagenase in 35 mL HBSS + for 30 min at 37°C with continuous rocking.



Human Placenta

De-identified Human full-term placentas were obtained following non-laboring cesarian section (c-section) from OHSU patients (IRB# 15196). Multiple ~0.5–1g samples of full thickness placenta were collected into HBSS+. Tissues were dissected into a fine slurry prior to being digested with 0.25% trypsin and 0.2% DNase in HBSS+ for 30 min at 37°C while rocking. Trypsin digested tissues were washed with HBSS + and further digested with 50 mg collagenase in 35 mL HBSS +, for 1 h at 37°C, with rocking.

Digested rhesus macaque and human placenta were washed with HBSS + and flushed through a 70 μM filter (Falcon). The cells present in the flow through were pelleted by centrifugation at 500 × g. Red blood cells were lysed with 5 mL BD Pharm Lyse lysing buffer (BD Biosciences) for 5 min followed by the addition of 10 mL HBSS+ to stop lysis. After a final wash in HBSS +, cells were resuspended in 5 mL HBSS +. Cells in 5 mL HBSS+ was centrifuged over lymphocyte separation medium (Corning) for 45 min at 3,000 rpm (1,459 x g) to isolate placental mononuclear cells. For magnetic bead isolation using MACS MicroBead Technology (Miltenyi Biotec), mononuclear were resuspended in MACS buffer at a concentration of approximately 1 x 107 cells/mL. Prior to magnetic separation, cells were passed through a 70 μM filter, to remove cell clumps. All cell types were isolated using a magnetic isolation method with species-specific reagents (MACS, Miltenyi Biotec). Approximately 1 x 107 cells were incubated with magnetic beads coated with anti-CD14 (Miltenyi Biotech) for 15 min at 4°C. The cells were then washed and resuspended in 500 μL MACS buffer before being loaded onto a LD magnetic separation column in the presence of a magnetic field. After sample loading the column was washed with 2 mL of MACS buffer. The magnetically labeled CD14+ cells retained on the column were eluted by removing the column from the magnetic field and flushing with 1 mL MACS buffer using the provided plunger. The eluted cells were pelleted and resuspended in RPMI supplemented with 10% FBS and the purity of cells was demonstrated by flow cytometry (see below).




Flow Cytometry

Flow cytometry was used to demonstrate purity of CD14+ isolated cells. 1 x 104 cells were sampled from the 1 mL of cells eluted after magnetic separation (positive fraction) and from the column flow through during separation (negative fraction). Cells were stained with a CD14 specific antibody (HCD14 10 μg/mL Biolegend) and cellular surface staining was quantified using an LSRII instrument (BD Bioscience). Flow cytometry data was analyzed using FlowJo Software (TreeStar).



Single-Cell RNA-Seq and Data Analysis

Rhesus macaque placenta derived CD14+ cells were counted using a hemocytometry, and the cell number was normalized to a concentration of 1,000 cells/μL in chilled media. The cells were loaded into a 10x Genomics Chromium instrument (10x Genomics) and processed using the Single Cell 5′ kit Version 1.1 following the manufacturer's protocol. Generation of gene expression libraries was performed using manufacturer's instructions. To multiplex samples, cell hashing was performed using the MULTI-Seq lipid labeling system (18, 19). Libraries were sequenced using Illumina chemistry on either Novaseq or HiSeq instruments (Illumina). Raw sequence data are available under BioProject PRJNA639805 https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA639805.

The resulting sequence data were processed using cell ranger software (10x Genomics, version 4.0). Data were aligned to the MMul_10 genome build (release 98, assembly ID GCA_003339765.3), using Ensembl gene annotations (Build 10.103). The raw count matrix was imported directly into R and analyzed using the Seurat software package, version 4.0.2 (20). Briefly, the EmptyDrops algorithm was used to select droplets containing viable transcriptomes (21), followed by filtering on UMI count (discarding cells >20,000), feature count (discarding cells with <200 or >5,000). Passing cells were merged across samples and normalized using Seurat's “LogNormalize” method. Feature counts are divided by the total counts for that cell, multiplied by a scale factor, and natural-log transformed using log1p. The top 2,000 variable features were selected using Seurat's FindVariableFeatures function, using the “vst” method. Dimensionality reduction was performed with PCA followed by tSNE on the first 12 components. Differential expression was calculated using FindMarkers, using a Wilcoxon Rank Sum test, and then filtered using adjusted p < 0.001 and average log fold-change >0.5. Data were visualized using the heatmap R package (1.0.12). Pathway analysis of the differentially regulated genes was performed using Qiagen's Ingenuity Pathway Analysis (IPA), Gene Ontology (Go) Term analysis, and String analysis.



qRT-PCR Analysis

RNA from in vitro infected placental samples was isolated using TRIzol reagent (Invitrogen) as previously described (8, 17, 22). Isolated RNA was quantified using a Nanodrop spectrophotometer, diluted to a concentration of 100 ng/μl and DNAse treated with ezDNase (Invitrogen). Single-stranded cDNA was generated using 1 μg of total RNA, random hexamers and Superscript IV reverse transcriptase (Invitrogen, Carlsbad, CA). qRT-PCR was performed with Taqman Fast Advanced Master Mix using the following cycling conditions: 95° for 2 min followed by 40 cycles of two steps with the first at 95° for 1 s followed by 60° for 20 s (Applied Biosystems, Foster City, CA). Forward and reverse primers directed against ZIKV and rhesus GAPDH were used at 300 nM in the reaction and the probe at 150 nM (Primer/Probe sequences are listed in Table 1). The results from each assay were analyzed with Applied Biosystem's QuantStudio 7 Flex Real Time PCR System software. Expression was normalized across all samples using the Rhesus macaque housekeeping gene GAPDH. The sensitivity of this qRT-PCR assay is <100 copies (8, 17, 22).


Table 1. Primer and TaqMan probe sequences.
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IFI27 Constructs

Total rhesus placenta RNA was used to generate cDNA by qRT-PCR using methods described above. The gene for rhesus IFI27 containing an in frame C'terminal HiBiT tag was amplified from cDNA and the product was ligated into pGEM-Teasy in E. coli DH5? (Promega). Individual colonies were screened for inserts and plasmid DNA was digested with restriction digested with EcoRI and HindIII and cloned into pCDNA-3.1(-). Resultant clones were sequenced verified and plasmid DNA was produced using a Qiagen midi-prep kit (Qiagen) and quantified using a Nanodrop spectrophotometer.



Cell Transfection and ZIKV Quantification

An 80% confluent flat bottom 96-well plate of HEK293 cells was transfected with 100 μg/well of the DNA constructs described above using lipofectamine 2,000 (Life Technologies) in replicates of ten. After overnight incubation at 37°C with 5% CO2, the supernatant was removed and fresh media containing ZIKV [multiplicity of infection (MOI) =1] was added. At 72 h post infection (hpi), supernatants were collected in a 96-well plate and stored at −80°C. ZIKV virus in supernatant was quantified using a focus forming assay. Stored samples were thawed and serial dilutions of supernatant were plated in 96-well plates seeded with Vero cells, allowed to adsorb for 1h, followed by overlay with 0.5% carboxymethyl-cellulose (CMC; Sigma). At 30 hpi, cells were fixed with 4% paraformaldehyde, washed twice with PBS and blocked/ permeabilized for 1 h in PBS supplemented with 2% normal goat serum (NGS; Sigma) and 0.4% triton X-100. Cells were then washed twice with PBS followed by incubation with 0.3μg/ml anti-flavivirus monoclonal antibody 4G2 (23) in PBS supplemented with 2% NGS for 1h. The plates were washed twice with PBS and then incubated with anti-mouse IgG-horseradish peroxidase (Santa Cruz Biotech) for 1 h, after which they were washed twice with PBS. ZIKV foci were visualized by incubation with the Vector VIP peroxidase substrate kit (Vector Labs) according to manufacturer's specifications and counted using an ELIspot reader (AID).



Statistical Analysis

Statistical analysis of single cell sequencing data is described in Single-cell RNA-seq and Data Analysis. All other statistical analysis was performed using Prism v6 software (GraphPad Software, Inc). For gene expression experiments, data was analyzed by either a Student's t-test or a two-way ANOVA with secondary analysis to determine significance.




RESULTS


CD14+ Placental Cells From ZIKV Infected Rhesus Macaques Exhibit a Unique Gene Expression Profile

In our previous study, pregnant rhesus macaques (RMs) were infected with ZIKV at G31, G51, or G115 followed by cesarean section delivery at G135, at which time maternal and fetal tissues and the placenta were collected and processed for further analysis (8). Uninfected control RMs from ongoing studies underwent similar delivery and tissue collection at G135. Our previous analysis of these tissues confirmed the presence of persistent ZIKV nucleic acids in the placenta and other tissues of the RM. We also described substantial virus specific changes in the innate and adaptive immune responses within the placenta. Of primary interest to us was the increased activation of CD14+ cells and changes in monocyte subset proportions reported in both the decidua and villous (8). To further understand the role of CD14+ cells in the response to ZIKV infection during pregnancy, single cell sequencing was used to identify unique transcriptional signatures in CD14+ cells isolated from the maternal decidua of RM infected with ZIKV during gestation (Figure 1A). To isolate CD14+ cells, previously collected single cell RM decidua samples were bound to CD14+ labeled magnetic beads and processed through a separation column, resulting in a >90% pure cell population (Figure 1B).


[image: Figure 1]
FIGURE 1. Experimental design. (A) Decidua samples were collected after C-section delivery at G135 of pregnant dams either infected with ZIKV at G31, G51, or G115 or time matched uninfected control dams (n = 3). Tissues were dissociated and processed to single cells. For isolation of CD14+ cells, cells were positively selected using CD14+ microbeads and magnetic cell separation. Isolated cells were loaded into a 10x Genomics Chromium instrument and libraries were sequenced using Illumina chemistry. Resulting sequence data was processed using cell ranger software and further analyzed in the Seurat software package of R. (B) Both the CD14+ positive cells and negative flowthrough cells were analyzed by flow cytometry to determine purity of the CD14+ cell fraction.


To examine the state of placental monocytes/macrophages in ZIKV-infected RM, we isolated CD14+ cells and performed single cell RNA-seq (scRNA-seq). Using single-cell transcriptomes, we first performed unsupervised clustering to determine whether there were particular transcriptional states over-represented in cells from ZIKV-infected RM that subdivided into five phenotypic clusters (Figure 2A). We found clearly distinct phenotypes between the ZIKV and uninfected animals, with relatively homogenous transcriptional phenotypes within each cohort regardless of duration of animal infection (Figures 2B–D). Notably, the majority of CD14+ cells from ZIKV-infected animals formed two clusters (1 and 3, Figure 2C). To determine transcriptional differences between ZIKV-infected and control samples, we identified differentially expressed genes (DEGs) between each cluster (Figure 2E). Cluster 1, which represents 80.8% of cells from ZIKV-infected RM, shows a strong signal of immune activation, including up-regulation of chemokines CCL4L1/MIP-1-B and CCL2, MHC class II (Mamu-DPA), and dual-specificity phosphatase genes (DUSP1/2). This signature also includes ENSMMUG00000054210, an uncharacterized lncRNA. A subset of CD14+ cells from ZIKV-infected animals did not display this immune activation signature; however, these cells showed strong activation of genes involved in oxidative phosphorylation (Figure 2E, Cluster 3). CD14+ cells from ZIKV-infected RM also displayed a near universal down-regulation of a gene module including HMOX1, which is a macrophage modulator associated with anti-inflammatory M2 macrophages (24). Overall, we found expression profiles from infected animals did not significantly overlap with those from uninfected animals suggesting a distinct and sustained difference in transcriptomes between CD14+ cells derived from the decidua of animals infected during gestation.
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FIGURE 2. Single-cell RNA sequencing of CD14+ cells from the placenta of ZIKV and uninfected RM. (A) Unsupervised clustering of single-cell transcriptomes from 11,752 CD14+ placental monocytes. Cells are colored based on cluster assignment. (B) Identical dimensionality reduction as (A), with cells colored by the ZIKV of the RM, with cells from ZIKV-infected RM colored blue, and cells from uninfected controls colored red. (C) The heat map illustrates the proportion of cells from ZIKV vs. uninfected RM in each cluster. There is very little overlap between cells from ZIKV-infected and uninfected animals. (D) Contribution of samples to each cluster. (E) Heatmap showing the top differentially expressed genes for each cluster. Clusters 1 and 3 (top) are primarily from ZIKV-infected animals. Clusters 0, 2, 4, and 5 are primarily from uninfected RM.




DEG Pathway Analysis of Type 1 IFN Pathway Response

Gene ontology enrichment analysis (GO) and String: Functional Protein Association Networks online analysis tools were used to identify enriched biological processes and gene nodes within the significantly differentially expressed genes (DEGs) from ZIKV vs uninfected placenta samples (Figures 3A,B). The top enriched processes identified by these two analyses fit into the following broad categories: (1) translation control (e.g., EIF2 signaling; Regulation of eIF4 and p70S6k); (2) stress response (e.g., Mitochondrial dysfunction; HIF1α signaling; Sirtuin signaling); (3) control of cellular growth (e.g., mTOR signaling; HER-2 signaling); (4) inflammatory responses (e.g., Granulocyte adhesion and diapedesis; Antigen processing); (5) signaling pathways mediated through cytokines/chemokines (IL-17 signaling; IL-10 signaling; OX40 signaling); and (6) innate immunity and antiviral responses (e.g., Role of PKR in interferon induction; Communication between innate and adaptive immune cells) (Figure 3B). Ingenuity pathway analysis (IPA) also demonstrated a clear relationship for interferon signaling in placenta derived CD14+ cells with nodes formed around IRF1 and IFNα (Figure 4). Among the genes upregulated in tissues from CD14+ cells of decidua from infected RM were type 1 IFN stimulated genes (ISGs) from the ISG12 family IFI6 and IFI27, which have been recently described as effectors of the IFN response to flaviviruses (25) (Figure 4). To confirm the upregulation of the ISG12 family during ZIKV infection of the placenta, we directly measured expression of IFI27 by qRT-PCR in CD14+ cells isolated from the villous and decidua of RMs infected with ZIKV at various time points during gestation. These samples were from additional, previously published, animal cohorts to bolster sample size (n = 6) (8, 22). IFIT3, a well-studied type 1 IFN ISG, was used as a positive control. CD14+ cells from the decidua or villous of ZIKV infected RM expressed higher levels of IFI27 compared to cells from placentas from uninfected controls (Figures 5A,B). The villous showed higher expression of both IFI27 and IFIT3 compared to the decidua, suggesting a more robust IFN response in villous tissue. These data confirm ZIKV infection during gestation induces IFI27 expression in the decidua and villous. Importantly, we did not see the same dysregulation of IFI27 in peripheral blood mononuclear cells from infected animals compared to uninfected controls indicating a specific and persistent response to infection by cells in the placenta (Figure 5C).


[image: Figure 3]
FIGURE 3. Differential gene expression analysis of CD14+ villous cells (A) STRING analysis of significant differentially expressed genes from ZIKV infected vs. uninfected clusters. Lines with different colors represent the existence of different types of evidence applied to predict associates between proteins. (B) The top Gene Ontology (GO) terms from differentially expressed genes represented as -log10 (P value). Differentially expressed genes between ZIKV infected and uninfected clusters were identified using a Wilcoxon Rank Sum and filtered using adjusted p < 0.001 and average fold-change >0.5.



[image: Figure 4]
FIGURE 4. Ingenuity pathway core analysis was used to identify enrichment in biological processes (ZIKV Infected vs. Uninfected). Statistically significant alterations in differentially expressed genes from SC-RNAseq analysis of decidua CD14+ cells are represented by labeled shapes depending on their molecular function. Expression and predicted activation levels determined by fold-change between ZIKV infected vs. uninfected are presented using the following convention on color scales with increasing saturation associated with a greater absolute fold-change value: red = increased detection in CD14+ cells from ZIKV infected decidua; green = decreased detection; orange = predicted activation. Predicted relationships are indicated by arrow-heads and blue lines to indicate predicted inhibition; yellow lines indicate inconsistent findings that make it difficult to predict outcomes of interactions.
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FIGURE 5. IFI27 is highly expressed in CD14+ decidua and villous cells after ZIKV infection. Validation of increased expression of IFI27 in CD14+ decidua and villous cells collected from pregnant dams infected with ZIKV and uninfected controls from multiple study cohorts (n = 6 per condition). RNA was isolated and gene expression analyzed by qRT-PCR of (A) IFI27 and (B) control IFIT3 relative to GAPDH. (C) RNA was isolate from the PBMCs of dams infected with ZIKV and uninfected controls from multiple study cohorts (n = 12 per condition) and analyzed for IFI27 gene expression using GAPDH to normalize the data across samples. Student's t-test was used to determine statistical significance of expression data obtained from infected and uninfected animals.




ZIKV Infection Induces IFI27 Expression in Rhesus Macaque and Human Placenta in vitro

To validate ZIKV infection-induced expression of IFI27 in placental monocyte/macrophages, we explored gene expression in ZIKV naïve cells from RM and human placenta that we infected with ZIKVPRABC in vitro. For this experiment, CD14+ cells were isolated from the decidua and villous of control RM using the methods described above. In the human placenta, the division between decidua and villous is not as distinct and consequently is difficult to definitively isolate these cell types, therefore whole thickness samples from human placenta were digested followed by CD14+ cell isolation using antibody-conjugated magnetic beads. Isolated CD14+ cells were infected with ZIKVPRABC in vitro at 0.5 or 5 FFU/cell. Cells were collected into Trizol reagent at 48hpi or 72hpi, RNA was isolated gene expression analyzed by qRT-PCR of ZIKV, IFI27, and IFIT3. CD14+ cells from both RM and human placenta tissues were readily infected with ZIKV (Figures 6A, 7A). ZIKV infection resulted in a MOI dependent increase in the level of IFI27 and IFIT3 transcripts in both RM and human CD14+ placenta cells (Figures 6B,C and 7B,C). These results confirm the ability of ZIKV infection to induce IFI27 and IFIT3 as well as the transferability of the model to a human infection scenario.
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FIGURE 6. ZIKV infection in vitro induces IFI27 expression in rhesus macaque decidua and villous. CD14+ cells were isolated from the decidua and villous of uninfected control rhesus macaque and infected with ZIKV (MOIs = 0.5 and 5 FFU/cells) at 72hpi supernatants were collected and analyzed by qRT-PCR for expression of (A) ZIKV (B) IFI27 (C) IFIT3 using species specific primers. Student's t-test was used to determine statistical significance.
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FIGURE 7. ZIKV infection in vitro induces IFI27 expression in human placenta. CD14+ cells were isolated from de-identified human full-term placentas and infected with ZIKV (MOIs = 0.5 and 5 FFU/cells) at 48 and 72 hpi supernatants were collected and analyzed by qRT-PCR for expression of (A) ZIKV (B) IFI27 (C) IFIT3. A two-way ANOVA with secondary testing was used to determine statistical significance for these data.




IFI27 Overexpression Reduces ZIKV Replication in vitro

To confirm the role of IFI27 as an antiviral factor against ZIKV, we constructed a plasmid expressing rhesus IFI27 to allow exogenous expression of the ISG in ZIKV-infected cells. IFI27 was transfected into 293 cells and expression from the plasmid was confirmed by western blot (Figure 8A). HEK293 cells were transfected with an IFI27 expressing or control plasmid one day prior to infection with ZIKV. Supernatants were collected 3dpi and infectious virus was quantified by focus forming assay. In this system, exogenous expression of IFI27 significantly decreased the production of infectious virus by nearly a log (Figure 8B), confirming that IFI27 plays a role as an antiviral factor against ZIKV.
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FIGURE 8. IFI27 overexpression reduces ZIKV replication in vitro. (A) To confirm IFI27 protein expression 100 μg of pcDNA3.1 or pcDNA3.1-IFI27 DNA was transfected into HEK293 cells. At 7 h post-transfection cell lysates were analyzed for IFI27 or actin by western blotting. (B) HEK293 cells were transfected with 100 μg of a control vector constitutively expressing GFP or pcDNA3.1-IFI27 24 h post-transfection cells were infected with ZIKV (MOI = 1). At 72 hpi supernatants were collected and virus quantified by focus forming assay. P values were determined by paired student's t-test ****p < 0.0001, all other comparison were not significant.





DISCUSSION

The rhesus macaque model of in utero ZIKV infection recapitulates many of the hallmarks of the human disease caused by this neurotropic flavivirus including fetal neuropathy and demise. We previously showed that ZIKV infection in Rhesus macaques during pregnancy induces placental damage associated with increased vascular damage that leads to altered nutrient perfusion across placental membranes, as well as increased inflammation and remodeling (8). Placental monocytes and macrophages (especially of the classical lineage) are key cells for normal placental vascular development and actively patrol the placenta for pathogenic invaders as the first line of defense. We previously reported dramatic alterations in the activation profiles for both monocyte/macrophages and CD4+ T cells that were consistent with ongoing inflammatory processes with possible correlations with ZIKV persistence. This long-term cellular activation was not observed for either dendritic cell or CD8+ T cell populations indicating that there is a unique effect of ZIKV infection on placenta immunopathology. Since macrophages are a key cell type in placental immunobiology and development, we interrogated the changes to the placenta macrophage population following infection. Herein, we utilized a single cell sequencing approach to further investigate the CD14+ monocyte/macrophage cell population to identify transcriptional signatures in cells isolated from the maternal decidua of ZIKV infected animals. Our objective was to identify mechanistic pathways that are dysregulated in the placenta following ZIKV infection. Our study findings reveal significantly altered gene expression in placental macrophages isolated from ZIKV-infected animals and demonstrate the sustained upregulation of macrophage functions even in the absence of positive viral detection indicating a prolonged response to viral exposure. This may be an adaptive response to put up an immune shield to prevent further infection or disease in the placenta and to limit the adverse impacts on fetal growth and development.

Specifically, in the samples analyzed in this study, the DEGs in CD14+ villous cells of ZIKV infected RM were strongly associated with eIF2 signaling, eIF4 signaling, mTOR signaling, oxidative phosphorylation, and mitochondria dysfunction. eIF2, EIF4, and mTOR are regulators of protein translation and the cellular stress unfolded protein response (UPR). These pathways are tightly interrelated with inflammatory pathways leading to production of proinflammatory molecules (26). The mitochondrion also plays a role in regulating the antiviral immune response, a function that viruses can regulate to evade the immune response, leading to host cell damage through changes in ROS and cell metabolism (27–29). Altered bioenergetics and mitochondrial dysfunction of peripheral blood monocytes have been described for other viral infections in connection to changes in CD14/CD16 monocyte population distribution (30).

Our results are in accordance with a recent a study by Lum et al. using placenta from pregnant women infected with ZIKV during the first, second, or third trimester. Only ZIKV infection during the first trimester resulted in a gene expression profile that was different from healthy controls, and the resulting DEGs were associated with eIF2 signaling, oxidative phosphorylation, and mitochondrial dysfunction, which is very consistent with DEG found in our study. Additionally, there was a distinct relationship between the degree of infection and level of CD14+ monocytes in the patients (31). While in our study we did not see an effect of infection gestational age on the transcriptional program in CD14+ cells, this could be a result of the fact that we looked at this cell type specifically at only G135 or possibly due to the RM model or ZIKV virus strain used for infection. The similar DEGs between the studies do suggest the importance of these conserved macrophage-centric pathways in ZIKV infection on the immunopathology of the placenta. Our findings implicate that CD14+ cells play an important role in regulating the antiviral response through multiple pathways following infection with ZIKV. Notably flaviviruses possess multiple mechanisms to modulate aspects of innate immunity that may affect infection of cells including CD14+ monocytes (32–38). Future experiments will focus on understanding the role of these interactions in placental pathology and effects on outcomes of ZIKV infection during pregnancy.
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