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Background: Histological chorioamnionitis (HCA) is an infection/inflammation of fetal membranes and complicates 5.2–28.5% of all live births. Exposure to HCA can have long-term consequences including abnormal neurodevelopment and an increased risk for allergic disorders and asthma later in childhood. HCA may incite epigenetic changes, which have the potential to modulate both the immune and neurological systems as well as increase the risk of related disorders later in life. However, there is limited data on the impact of HCA on epigenetics, in particular DNA methylation, and changes to immune and neurological systems in full-term human neonates.

Objective: To determine differential DNA methylation in cord blood mononuclear leukocytes from neonates exposed to HCA.

Methods: Cord blood was collected from 10 term neonates (5 with HCA and 5 controls without HCA) and mononuclear leukocytes were isolated. Genome-wide DNA methylation screening was performed on Genomic DNA extracted from mononuclear leukocytes.

Results: Mononuclear leukocytes from cord blood of HCA-exposed neonates showed differential DNA methylation of 68 probe sets compared to the control group (44 hypermethylated, 24 hypomethylated) with a p ≤ 0.0001. Several genes involved in immune modulation and nervous system development were found to be differentially methylated. Important canonical pathways as revealed by Ingenuity Pathway Analysis (IPA) were CREB Signaling in Neurons, FcγRIIB Signaling in B Lymphocytes, Cell Cycle: G1/S Checkpoint Regulation, Interleukin-1, 2, 3, 6, 8, 10, 17, and 17A signaling, p53 signaling, dopamine degradation, and serotonin degradation. The diseases and disorders picked up by IPA were nervous system development and function, neurological disease, respiratory disease, immune cell trafficking, inflammatory response, and immunological disease.

Conclusions: HCA induces differential DNA methylation in cord blood mononuclear leukocytes. The differentially methylated genes may contribute to inflammatory, immunological and neurodevelopmental disorders in neonates exposed to HCA.
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BACKGROUND

Chorioamnionitis (CA) is an infection/inflammation of the placenta and fetal membranes; it complicates up to 5.2% of live births (1) with histological CA (HCA) being found in 23.6% to 28.7% of term births with spontaneous labor (2, 3). HCA has been linked to several common chronic diseases of childhood: cerebral palsy, developmental delay, asthma and allergic disorders (4–13). The exact mechanism of these associations is unclear. Exposure to perinatal inflammation may stimulate epigenetic changes that alter immune function and subsequently contribute to these pathologies.

Prior studies have shown an association between perinatal environment, including epigenetic changes, and disease later in life (14, 15). Epigenetic changes can occur through multiple mechanisms including histone modification, DNA methylation, and RNA interference. DNA methylation is an enzyme-mediated change to DNA in which a methyl group is added to cytosine at CpG sites, an important mechanism of transcriptional regulation (16). Increased methylation results in reduced transcription of adjacent genes while decreased methylation results in increased transcription of adjacent genes. HCA is known to be associated with epigenetic changes via DNA methylation of key developmental genes in preterm neonates (17). Additionally, DNA methylation has been shown to be altered in placentas and fetal membranes with HCA (18).

The effects of HCA on DNA methylation in full term neonates are not yet known and may be an important mechanism in increasing susceptibility to disease later in life. Our objective was to evaluate the DNA methylation patterns of cord blood mononuclear leukocytes from neonates exposed to HCA compared with healthy controls.



MATERIALS AND METHODS


Ethical Approval: Human Study Protocol and Institutional Biosafety Approvals

All human protocols and procedures described in this study were approved by the Institutional Review Board of Thomas Jefferson University Hospital. All experiments performed in this study were approved by the Nemours Institutional Biosafety Committee. The Institutional Review Board waived informed consent as the study was performed on discarded blood and placental tissue samples.



Study Design

This is a prospective observational study to examine differential DNA methylation in mononuclear leukocytes isolated from cord blood of term neonates born to mothers with HCA compared to those without HCA. Samples of cord blood and fetal membranes were collected from term neonates (37–40 weeks of gestation). Exclusion criteria included maternal infections other than HCA, gestational diabetes, hypertension, major congenital/chromosomal anomalies, and intrauterine growth restriction.



Cord Blood Collection and Isolation of Leukocytes

The umbilical cord was wiped with 70% alcohol immediately after delivery and cut at the placental side of the clamp. Cord blood was collected in sterile EDTA tubes, mixed thoroughly, and evaluated for blood clots. Mononuclear leukocytes were isolated by Ficoll-Paque Plus density gradient (GE Healthcare Biosciences, Pittsburgh, PA), following the manufacturer's protocol and the method described previously by our group (19). Two million packed cells per vial were saved at −80°C for DNA isolation and global DNA methylation analysis.



Fetal Membrane Collection, Processing, Staining, and Diagnosis of HCA

Fetal membrane tissues were washed with cold PBS and fixed in 10% neutral buffered formalin for 24–48 h. Membrane pieces were then processed and paraffin embedded in Histoplast LP (Thermo Fisher Scientific, Fremont, CA) following the detailed method of Gayen nee' Betal et al. (19). Tissue samples were processed using standard operating procedures at the Nemours Histochemistry and Tissue Processing Core (Nemours, Wilmington, DE). The tissue samples were then examined by a blinded pathologist and classified either HCA (placental membranes score ≥ stage 1) or no HCA (no histological inflammatory changes in fetal membranes) (20) (Supplemental Figure 1).



DNA Isolation and Global DNA Methylation Analysis

Genomic DNA was isolated using QIAamp DNA Mini kit (Qiagen, Germantown, MD). DNA was quantified on a Nanodrop ND-2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA), and the DNA quality was assessed by an Agilent 2200 TapeStation (Agilent Technologies, Palo Alto, CA). Analysis of genome-wide DNA methylation was performed using the Infinium HumanMethylationEPIC BeadChip array (Illumina, San Diego, CA) at the Children's Hospital of Philadelphia following the standard protocol provided by Illumina. In brief, 500 ng of genomic DNA was bisulfite-converted using the EZ DNA Methylation Kit (Zymo Research, Orange, CA) according to the manufacturer's protocol. The Illumina iScan Reader was used to analyze the image and data from EPIC BeadChip. Data processing was performed with Illumina GenomeStudio software.



Quality Control and Statistical Approaches for DNA Methylation Analysis

Quality control (QC) was performed on DNA methylation data to filter out probes with missing methylation values in any samples and probes with at least 75% of samples having detected a p > 0.05. 866,836 probes remained for further analysis after QC filtering. DNA methylation β-values were normalized using the SWAN normalization method in minfi package in R/Bioconductor (21, 22). After normalization, DNA methylation sites with maximum methylation level below 0.15 were further filtered out to remove probes with low DNA methylation levels from next step differential analysis. A general linear model approach was then used to detect the difference in methylation levels between healthy neonates and neonates born to mothers with HCA using the limma package in R/Bioconductor (23). The moderated t-statistics with empirical Bayes approach was used to estimate the differences in methylation levels between healthy neonates and those born to mothers with HCA. Top DNA methylation sites were selected by test statistics and p-values (with raw p < 0.0001) from the two group comparisons. A Manhattan plot was used to show the selected top DNA methylation sites and their chromosome positions. A volcano plot of all DNA methylation sites was generated to show both their p-values and fold changes from the two group comparisons. A heatmap of methylation levels from top DNA methylation sites was generated to show the DNA methylation pattern differences between groups. All plots were generated using the program “R.”




RESULTS

Genome-wide DNA methylation was performed on mononuclear leukocytes from cord blood of 10 term neonates. Five neonates had evidence of HCA by placental histopathology (referred as “HCA Group”) and five neonates had no evidence of HCA (referred as “control group”).


Differential DNA Methylation

DNA methylation levels are represented by β-values. The β-value is the ratio of the methylated probe signal intensity to the total locus intensity. The β-values range from 0 to 1 where 0 indicates unmethylated and 1 indicates fully methylated. A boxplot (Figure 1) was generated from β-values of all probe sets from the 10 samples to describe distribution of the pre-processed DNA methylation level. The interquartile range of the β-values was 0.2–0.9. Although the spread of β-values varied slightly within each group, no significant differences between groups were observed.


[image: Figure 1]
FIGURE 1. The distribution of methylation level (β-values) among all of the samples from the two groups.


Comparison of the HCA group genome-wide DNA methylation data with the control group using Illumina GenomeStudio software identified 68 differentially methylated probe-IDs with a p ≤ 0.0001. Of these, 44 probe-IDs were significantly hypermethylated and 24 probe-IDs were significantly hypomethylated (Table 1). The top 10 hyper and hypomethylated probe-IDs along with their corresponding gene names based on p-values are listed in Tables 2, 3. Notable hypermethylated probe-IDs with gene names included AGR2 (Anterior Gradient Protein 2), which plays a role in asthma and mucin production (24), and OTX2 (Orthodenticle Homeobox 2), which interacts with nitric oxide (25). The top hypomethylated probe-IDs with gene names included MIER2 (Mesoderm Induction Early Response Protein 2), which regulates histone deacetylases (26), and PPP4C (Protein Phosphatase 4 Catalytic Subunit), a regulator of T-regulatory cells (27).


Table 1. Differentially methylated CpGs with exposure to histological chorioamnionitis (p ≤ 0.0001).
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Table 2. Top 10 hypermethylated CpGs with exposure to histological chorioamnionitis (p ≤ 0.0001).
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Table 3. Top 10 hypomethylated CpGs with exposure to histological chorioamnionitis (p ≤ 0.0001).
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A Manhattan plot (Figure 2) shows the distribution of possible differentially methylated CpG sites identified across chromosomes. Genome-wide significance threshold of p ≤ 0.0001 was used as a cut off (red line). The top candidates in pairwise comparison were selected by test statistics and p-values for comparison. The black dotted line indicates a significance threshold of p ≤ 10−7. Three probe sets including two non-annotated probes (cg27450744, cg01097406) and VGLL4 (cg19448065) remained significant at a threshold of p ≤ 10−7. The differentially methylated CpG sites are depicted in a volcano plot (Figure 3). A volcano plot is a scatter plot of significance, the negative log of the p-value vs. the log of fold change.


[image: Figure 2]
FIGURE 2. The distribution of differentially methylated CpG sites identified across chromosomes. The x-axis represents the chromosomal location of the CpG probes. The y-axis represents differential methylation as the negative log of the p-value of their association. Genome-wide significance threshold of p ≤ 0.0001 is used as a cut off (horizontal red line). The black dotted line indicates a significance threshold of p ≤ 10−7.



[image: Figure 3]
FIGURE 3. The differentially methylated CpG sites between the HCA and control groups. The x-axis shows difference in mean percent of DNA methylation and the y-axis shows the significance of differential methylation of each probe, represented as the negative log of the p-value. The red and green line indicate genome-wide significance thresholds of p ≤ 0.0001 and p ≤ 10−7, respectively.




Cluster Analysis – Heatmap

Cluster analysis was performed on the 68 differentially methylated loci for the two sample groups using the hierarchical clustering method. A heatmap of the methylation levels for the 68 DNA methylation loci illustrates the differences between the two groups (Figure 4). The hypermethylated loci are depicted in green, and the hypomethylated loci are depicted in red. Each column in the heatmap represents a sample.


[image: Figure 4]
FIGURE 4. The 68 differentially methylated probe sets (p ≤ 0.0001) in the individual HCA samples (right) compared to control samples (left). The green and red colors indicate hyper-methylated and hypo-methylated loci, respectively.




Differential DNA Methylation Related to Immune Response

Eleven genes related to immune response and regulation of inflammatory pathways were identified (Table 4). Seven genes were hypermethylated and 4 genes were hypomethylated. The hypermethylated genes have roles in asthma (VGLL4, AGR2) (24, 28), neurologic development (AGAP1, OTX2) (29, 30), and immune regulation (SCAMP5, SLC11A1) (31, 32). The hypomethylated genes have roles in immune regulation (PPP4C) (27), transcription regulation (MIER2) (26), and inflammation (ABCC8) (33).


Table 4. Key genes related to immune response with exposure to histological chorioamnionitis (p ≤ 0.0001).

[image: Table 4]



Ingenuity Pathway Analysis

Ingenuity Pathway Analysis (IPA) software (Qiagen Inc., Germantown, MD) was used to perform pathway analysis by loading 448 probe sets that were found to be differentially methylated with exposure to HCA for a p ≤ 0.001. A total of 76 diseases and functions were altered with exposure to HCA. Selected key diseases and functions altered with HCA are listed in Table 5. The modification of functions with HCA included genes related to nervous system development and function, inflammatory response and disease, cellular movement, death and survival, hematological system development and function, and respiratory disease, development and function. IPA identified 224 canonical pathways that were modified with exposure to HCA. Selected key pathways important in immune regulation and inflammatory responses are shown in Table 6.


Table 5. Diseases and functions modified with exposure to histological chorioamnionitis.
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Table 6. Canonical pathways in Ingenuity Pathway Analysis associated with exposure to histological chorioamnionitis.
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IPA identified 15 networks, of which network 2 (cellular growth and proliferation, cellular development, connective tissue development and function) and network 13 (cellular movement, hematological system development and function, immune cell trafficking) are closely related to the focus of this study.




DISCUSSION

Exposure to HCA is associated with an increased risk of medical problems later in life including cerebral palsy, developmental delay, asthma, and allergic disorders (6–13). Although the mechanism of this increased risk is not yet known, alteration in gene expression secondary to differential DNA methylation may contribute to this increased risk. To our knowledge, this is the first study to report differential DNA methylation in human cord blood mononuclear leukocytes in term neonates exposed to HCA. Our data suggest that HCA altered the methylation status of genes involved in inflammation, immune regulation, respiratory development, and neurologic development in cord blood mononuclear leukocytes from term neonates.

Infants born to mothers with HCA are at increased risk for asthma but the exact mechanism is unknown (6, 7, 11, 12). Our results show that exposure to HCA was associated with differential methylation of several genes involved in signaling pathways related to the lung development, lung inflammation, and asthma. Vestigial Like Family Member 4 (VGLL4) is a gene related to Wnt/β-catenin signaling pathway regulation, cell cycle regulation, and immune regulation via T-cell mediated tumor regression (28, 34, 35). The Wnt/β-catenin signaling pathway plays a pivotal role in lung development, lung injury, and repair (28). Aberrant expression of Wnt/β-catenin signaling can lead to asthmatic airway remodeling with hyperplasia of airway smooth muscle cells, goblet cell metaplasia, and extracellular matrix deposition (28). Down-regulation of VGLL4 due to hypermethylation after exposure to HCA could lead to dysregulation of Wnt/β-catenin signaling, abnormal lung development, and an increased risk for asthma.

Cyclin D-1 gene (CCND1), another regulator of the Wnt/β-catenin signaling pathway, is differentially methylated after exposure to HCA and associated with airway remodeling and smooth muscle proliferation in asthma (36, 37). Mutation in the ATP Binding Cassette Subfamily C Member 8 (ABCC8) gene is associated with pulmonary arterial hypertension (38). Receptor Activity-Modifying Protein 3 (RAMP3), the top hypomethylated gene with exposure to HCA, plays a role in human lung development (39). An additional top hypermethylated gene is Anterior Gradient 2 (AGR2), a protein disulfide isomerase family member known to be involved in asthma and allergen-induced mucin production (24).

Previous studies have also shown that HCA is associated with neurodevelopmental impairment and cerebral palsy (8–10, 13). Several genes involved in nervous system development and function, neurological diseases, and neurological pathways were found to be differentially methylated in cord blood mononuclear leukocytes after exposure to HCA. Hypermethylated genes involved in neurological disorders include AGAP1, CACNA1A, and OTX2. AGAP1 is known to be involved in dopamine regulation and has been shown to increase endocytic recycling of M5 muscarinic receptors involved in dopamine release in the midbrain (29). Recent work by Pacault et al. showed that deletion of AGAP1 is reported in a patient with autism (40). Genetic variation in the CACNA1A gene is associated with cerebral palsy (41). OTX2 mutations are associated with severe ocular phenotypes, seizures, and developmental delay (30).

Examples of hypomethylated genes in our study include ABCC8, MIER2, and PPP4C. ABCC8 has been shown to be associated with inflammation regulation in the nervous system in autoimmune encephalomyelitis (33). MIER2 is involved in recruitment of histone deacetylase complexes (26). PPP4C plays a key role in cortical neurodevelopment by ensuring symmetric division of early cortical cells (42). Absence of PPP4C has been shown to result in early asymmetric division and premature neurogenesis. Hypomethylation of PPP4C may result in abnormal cortical development, increasing the risk of neurodevelopmental disorders. PPP4C has also been shown to be involved in immune regulation through proliferation and expansion of regulatory T cells and subsequent adaptive immunity (27). We speculate that the fetal systemic inflammatory response from HCA leads to changes in methylation pattern in leukocytes. The systemic inflammatory response outside the fetal brain can induce neuroinflammation and neuronal injury (43, 44). The inflammatory response in fetal brain due to HCA may change the DNA methylation pattern in nervous system cells.

We report differential DNA methylation in genes involved in lung development, neurodevelopment, immune regulation, and inflammation after exposure to HCA. Changes in DNA methylation may result in differential gene expression and alter these processes throughout life, being a potential mechanism for the increased risk of disorders seen with exposure to HCA. Our hierarchical clustering method analysis showed extremely consistent results across the samples from each group suggesting high reliability of the differential methylation patterns that we found. Furthermore, IPA identified diseases and functions that were consistent with the known associations of HCA, including modification of nervous system development and function, inflammatory response and disease, as well as respiratory disease, development, and function.

Our study has multiple strengths. This is the first study reporting differential DNA methylation of cord blood mononuclear leukocytes in term neonates born to mothers with HCA. Genome-wide DNA methylation was performed on the mononuclear leukocytes rather than whole blood. We chose umbilical cord blood which allowed us to obtain a significant volume of blood with no invasive risk to the neonate. We also recognize several limitations in our study. The sample size of 10 neonates is small, although similar sample sizes have been used in prior studies of differential DNA methylation (45). There is a chance of finding differential gene expression when comparing such a high number of genes but that was mitigated by using a very stringent p-value. Another weakness of the study is a lack a validation cohort. A larger study to confirm our finding is needed.



CONCLUSIONS

Exposure to HCA results in differential DNA methylation of cord blood mononuclear leukocytes in term neonates. This differential DNA methylation was present in genes involved in immune modulation, inflammation, lung development, and nervous system development. Future studies are needed to further validate these results in a larger group of neonates and by examining functional differences related to these genes. Our data may lead to an improved understanding of the genes and pathways involved in exposure to HCA. Identifying and understanding the role of novel candidate genes can lead to the development of prognostic biomarkers and therapies to mitigate the long-term consequences of abnormal DNA methylation induced by HCA.
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