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Background: Neonatal sepsis is a systemic condition widely affecting preterm infants and characterized by pro-inflammatory and anti-inflammatory responses. However, its pathophysiology is not yet fully understood. Epigenetics regulates the immune system, and its alteration leads to the impaired immune response underlying sepsis. DNA methylation may contribute to sepsis-induced immunosuppression which, if persistent, will cause long-term adverse effects in neonates.

Objective: To analyze the methylome of preterm infants in order to determine whether there are DNA methylation marks that may shed light on the pathophysiology of neonatal sepsis.

Design: Prospective observational cohort study performed in the neonatal intensive care unit (NICU) of a tertiary care center.

Patients: Eligible infants were premature ≤32 weeks admitted to the NICU with clinical suspicion of sepsis. The methylome analysis was performed in DNA from blood using Infinium Human Methylation EPIC microarrays to uncover methylation marks.

Results: Methylation differential analysis revealed an alteration of methylation levels in genomic regions involved in inflammatory pathways which participate in both the innate and the adaptive immune response. Moreover, differences between early and late onset sepsis as compared to normal controls were assessed.

Conclusions: DNA methylation marks can serve as a biomarker for neonatal sepsis and even contribute to differentiating between early and late onset sepsis.
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INTRODUCTION

Neonatal sepsis is a leading cause of mortality and morbidity in the neonatal period, especially for preterm infants (1). Sepsis is defined as a dysregulated host response caused by infection which can trigger a life-threatening organ failure (2). However, neonatal sepsis lacks a consensus definition (3) and therefore a full understanding of the underlying mechanisms which are functionally distinct in children and adults is needed (3). The neonatal immune response depends mainly on the innate immune system, which is underdeveloped (4, 5); along with a predominant hypo-inflammatory response, this can lead to immunosuppression (6).

Diagnosis and prognosis of neonatal sepsis is a challenge because clinical signs and symptoms are often non-specific. In addition, the result of the blood culture for confirmation of the diagnosis is frequently delayed or provides no results (7). Moreover, given the effects of sepsis in preterm infants on long-term growth and development, efforts to reduce the rates of infection in the neonatal intensive care unit (NICU) are among the most important interventions in neonatal care (8). According to the onset of age, neonatal sepsis is divided into early-onset sepsis (EOS) and late-onset sepsis (LOS). EOS is defined as the onset of features of sepsis that appear within 72 h of life caused by microorganisms acquired from the mother's genital tract during delivery (9–11). In contrast, LOS is defined as onset of features of sepsis appear after 72 h of life due to nosocomial infections acquired during hospitalization (11, 12).

In this context, there is a growing interest in understanding the role of epigenetics in the maturation of the immune system during early life (13) and particularly in sepsis (14, 15). Epigenetics encompasses all the mechanisms that control the gene expression pattern without altering the DNA sequence itself (16–18). Changes in the epigenome can impair immune response to infections (14, 15), suggesting that the study of epigenetic traits through epigenome-wide association studies (EWAS) can improve our understanding of sepsis onset and progression, and even short- and long-term consequences of the disease (19).

In particular, DNA methylation (DNAm) is an important regulator of the immune system (20), maintaining fine-tuned immunological mechanisms needed for an adequate host defense. One of the major consequences of neonatal sepsis is long-term persistence of immunosuppression related to epigenetic dysregulation (6), leading to subsequent infections and increased risk of mortality (15, 21). Importantly, DNAm may drive sepsis-induced immunosuppression through the epigenetic reprogramming of hematopoietic progenitor cells (19). In line with this, although DNAm changes in adult sepsis have been described in some studies (22, 23), information on neonatal sepsis is lacking (24).

We aimed to detect changes in DNAm signatures in preterm neonates that might provide an insight into molecular events driving neonatal sepsis. Consequently, this could contribute to the identification of new biomarkers for the diagnosis and prognosis of neonatal sepsis.



MATERIALS AND METHODS


Experimental Design

The study was performed in the NICU of the Hospital Universitario y Politécnico La Fe (Valencia, Spain). Samples from neonates were obtained from the study approved by the Ethics Committee with registration number 2017/0470. Parents of all the patients signed the informed consent.

This is a prospective cohort study that included preterm neonates born at ≤32 weeks of gestation age. Inclusion and exclusion criteria for the study are shown in Supplementary Table 1.

Samples from 23 preterm infants were collected coincident with clinical suspicion of EOS or LOS. Preterm neonates with similar gestational and postnatal ages and perinatal characteristics but free of infection and without suspicion of sepsis acted as controls. EOS and LOS were diagnosed by attending staff neonatologists in the NICU. Patients who met EOS and LOS criteria were included in the study (21, 22). Six patients had confirmed EOS, nine patients confirmed LOS, and two patients suffered both types. Six non-septic preterm neonates were used as controls (Table 1). Although a positive blood culture is the golden standard for the diagnosis of sepsis including EOS and LOS, often blood culture renders negative due to the low blood volume available and contamination by peripheral colonizing bacteria. Therefore, in clinical neonatology there is a distinction between “culture positive sepsis” and “clinical sepsis” (Table 2). Culture positive sepsis is characterized by a positive bacterial growth in two blood samples taken under stringent aseptic conditions and is treated with specific antibiotics provided by the antibiogram. Clinical sepsis is characterized by the presence of evident of clinical signs that can be or not accompanied by changes in acute phase reactant biomarkers such as CRP, IL-6, or PCT, and or positive peripheral smears and is treated with an empirical combination of antibiotics according to the bacterial eco-system of the NICU. These criteria were not mutually exclusive, and some patients were identified as suffering from both EOS and LOS, being the blood sample taken for analysis after the second sepsis episode.


Table 1. Perinatal characteristics of preterm infants ≤32 weeks of gestation with suspicion or confirmed sepsis (EOS, LOS, and EOS+LOS) and neonates without sepsis as controls.
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Table 2. Summary of microbiological, clinical, and analytical results in patients with early and late onset sepsis.
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Blood Sampling and DNA Extraction

Blood (0.5 mL) was sampled from a peripheral vein or central catheter using a heparinized syringe. Blood was centrifuged (1,500 × g for 10 min) at 4°C to separate plasma from the cell pellet. Cell fractions were stored at −80°C until processing. Total DNA was isolated from the cell pellet with All-In-One DNA/RNA Miniprep Kit (BS88203, Bio Basic Canada Inc., Canada) following the manufacturer's instructions. Concentration and purity of DNA was determined with the fluorometric method (Quant-iT PicoGreen dsDNA Assay, Life Technologies, Carlsbad, CA, USA).



DNA Methylation Profiling Using Illumina EPIC 850K Array

The measurement of genome-wide methylation on the 23 samples was performed by means of the Infinium Human DNA Methylation EPIC 850K arrays (Illumina Inc, San Diego, CAL, USA) following the manufacturer's instructions.



Bioinformatic Analysis

The minfi R-package (27) was used to process and normalize the arrays (28, 29). The identification of differentially methylated CpGs (DMCs) was performed using limma (30) using an FDR cutoff of 0.05, which is the expected proportion of errors and controls for a low proportion of false positives (38). With the aim of discovering differentially methylated regions (DMRs), we employed two complementary bioinformatic tools: DMRcate (34) and mCSEA (39) R-packages. We performed the DNAm differential analysis between the groups of the study. Finally, we performed the overlap of both DMR sets.

DMRs were functionally enriched in both gene ontology (GO) terms and KEGG pathways by means of an over-representation analysis (ORA) using the clusterProfiler R-package (40). The selected FDR threshold was 0.05. Furthermore, the top 1,000 DMCs were analyzed for cell-type enrichment using eFORGE (35), which determines the cell type-specific regulatory component of a set of EWAS-identified differentially methylated positions to identify disease-relevant cell types in a specific disease.



Statistical Analysis

Quantitative variables were analyzed for normality using the Kolmogorov-Smirnov test, and an ordinary one-way ANOVA was performed for multiple comparisons using Tukey's test. Furthermore, qualitative variables were analyzed using Fisher's exact test.




RESULTS


Neonatal Characteristics and Microbiological Data

Twenty-three preterm infants (≤32 weeks of gestation age) were included. Out of these, 17 were diagnosed of neonatal sepsis cases and 6 pre-term neonates were selected as non-septic controls. Subjects' characteristics are shown in Table 1 and the criteria for “culture positive sepsis” and “clinical sepsis,” as well as inflammatory biomarkers, are shown in Table 2. Hence, 9 subjects developed LOS, 6 subjects developed EOS, 2 subjects developed EOS+LOS, and 6 subjects were considered healthy controls. In Table 1, we found statistical differences in the gestational age when comparing LOS [26 (25–29) weeks] and EOS+LOS [25 (25) weeks] to non-septic pre-term neonates [29.5 (28–30) weeks]. Moreover, we also found statistical differences in birth weight between neonates who developed LOS (797.8 ± 228.7 g) and pre-term neonates (1,253 ± 261 g), and in the antibiotic therapy to mother when comparing EOS to the other clinical groups (See Table 2).

The blood culture results are presented in Table 2 and Supplementary Figure 1. In one case of LOS and five cases of EOS, it was not possible to identify the microorganism.



Differential Methylation Profiles Between Neonatal Sepsis Subtypes and Control Subjects

Principal component analysis (PCA) of the processed data showed a slight separation between septic and control samples, with some overlap. Regarding subtypes, LOS samples showed greater separation from controls than did EOS (Figure 1A).
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FIGURE 1. DNAm analysis. (A) Principal component analysis (PCA) of methylation data of control (light green), LOS (pink), EOS (light blue), and EOS plus LOS (purple) samples. (B) DNAm heatmap showing the significant top 1,000 differentially methylated CpGs between controls and neonates with sepsis, obtained with limma. The methylation metric used to obtain the heatmap is the beta values scaled by the median, shown at the top left color scale (where red represents higher methylation levels, and green lower methylation levels). This displays the clustering of sepsis samples separated from control samples with the exception of one LOS sample. (C) eFORGE analysis. Enrichment analysis of regulatory element classes in different blood cell types for the top 1,000 CpG sites between septic neonates and control neonates. Cell types are shown on the horizontal axis and the significance (–log10 binomial p-values) is shown on the vertical axis. Each dot represents an enrichment q-value for a given cell type, colored according to the enriched regulatory element class, as shown in the legend (where yellow points correspond to enhancers and red points correspond to transcription start sites).


The differential methylation analysis between septic and control neonates showed 77,380 differentially methylated CpGs (DMCs). The top 1,000 DMCs were plotted in a heatmap showing a similar methylation pattern in both clinical groups, EOS and LOS (Figure 1B). The eFORGE analysis of the top 1,000 DMCs revealed enrichment in blood enhancers, particularly primary hematopoietic stem cells (Figure 1C).

To identify DMRs, we used the mCSEA approach, testing 1,051 promoters and 119 genes with differential methylation levels in the neonatal sepsis condition vs. controls. In particular, we found 437 hypomethylated promoters, 26 of which exhibited a beta-value difference >10% (including the promoters for EGOT, IL10, CPT1B, PILRA, ELANE, TREM1, PRTN3, MIR145, S100A8, CSTA, MS4A3, ATP8B4, CPT1B, CMYA5, LRG1, and CD300LB) and 614 hypermethylated promoters, 6 of which exhibited a beta-value difference >10% for CD3G, CD3D, LTA, TXK, UBASH3A, and SIT1 genes (Figure 2A). Conversely, in contrast with the high number of promoters with differential hypomethylation, only 4 genes (MPO, LOC100131496, SPI1, and PLEK) showed a beta-value difference above 10%.
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FIGURE 2. Volcano plots of the different contrasts performed with mCSEA. Volcano plots show the beta-value difference in the x-axis plotted vs. –log10 FDR in the y-axis. Black (not significant) and green (Mean beta diff.) dots were non-significant promoters, while blue (FDR) and red (FDR and mean beta diff.) dots correspond to the significant DMRs, below the selected FDR threshold of significance set at 0.05. Those with a mean beta difference >10% are represented as red and green dots. (A) Volcano plot of the sepsis vs. control contrast, (B) LOS vs. control contrast, (C) EOS vs. control comparison, and (D) LOS vs. EOS.


In addition, we used the DMRcate method and identified 14,846 genomic regions by fitting DMCs spatially. The vast majority of DMRs were hypomethylated regions, and only 1,577 were hypermethylated. Furthermore, those with a mean beta difference above 10% provided 1,474 DMRs with hypomethylation and 386 DMRs with hypermethylation.

After overlapping the DMR sets obtained with both methods (mCSEA and DMRcate), 302 promoters and 108 genes were found to be hypomethylated and 143 promoters hypermethylated. Table 3 shows the promoters with the greatest beta differences (>10%) obtained with the two methods for the comparisons between neonatal sepsis and control neonates.


Table 3. General overview of differentially methylated (hypomethylated and hypermethylated) promoters detected by both DMR detection methods (mCSEA and DMRcate) for the comparison between neonatal sepsis and control neonates, including mean beta-value difference, chromosome location, and a brief description.
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Differential Methylation in EOS and LOS to Identify Distinct Molecular Responses in Both Subtypes of Neonatal Sepsis

As shown in the results above, comparisons between EOS and controls and between LOS and EOS exhibited smaller differences in DNA methylation between conditions. Therefore, we used the mCSEA method which allows discovery of regions with high sensitivity and subtle differences in DNAm but with consistency across a genomic region.

Among the 1,433 promoters obtained with mCSEA, 50 had a difference >10%, and some of them were associated with relevant genes involved in immunological functions (Figure 2B). Nevertheless, the comparison between EOS and controls showed differential methylation in only 44 genes and 108 promoters, in which relevant genomic regions that showed significant changes in LOS—such as S100A8, TREM1, ELANE, CD3D, and CD3G—were not present. Importantly, promoters of CSTA, MIR145, PRTN3, and ATP8B4 genes were differentially methylated in EOS as well as in LOS when compared to controls (Figure 2C).

When we compared LOS with EOS, 803 differentially methylated promoters were obtained, most of them with small differences except for 4 hypomethylated promoters, which displayed large beta differences for gene promoters of DUSP22, PM20D1, MIR10A, and MIR886 (Figure 2D).



Pathways Related With Immune Response Are Altered by DNA Methylation in Neonatal Sepsis

DMR sets obtained using mCSEA and DMRcate methods for sepsis vs. control comparison were enriched to detect important functions, and as a result similar GO biological processes related with immune response were obtained using both methods (Figure 3).
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FIGURE 3. Dotplots of the gene ontology-biological process terms (GO-BP) overrepresented with an FDR threshold of <0.05 in the sets of DMRs. The y axis represents the significant GO terms with the higher proportion of DMRs of the set involved, and the gene ratio in the x-axis represents these proportions (number of DMRs involved in each GO term over the total number of DMRs in the set). The size of each dot or gene cluster depends on the gene count that contributes to the enrichment of that pathway, and the adjusted p-value obtained for the terms with the Fisher's exact test in ORA determines the color of the dots. (A) Dotplot of the biological processes in which the DMRs (promoters) obtained with mCSEA are enriched. (B) Dotplot of the enrichment results of the DMR set (genes and promoters) obtained with DMRcate.


After the overlapping of the DMRs for genes and promoters, obtained with mCSEA and DMRcate approaches, an overrepresentation analysis (ORA) revealed the enrichment of hypermethylated regions in T-cell activation and T-cell differentiation to be the processes with the highest significance, among other relevant GO terms (Figure 4A), which demonstrates the scarce immunoreactivity of the cells in septic neonates. Moreover, a high proportion of hypomethylated regions were enriched in neutrophil degranulation and activation involved in immune response processes, as well as in mast cell activation and response to molecules of bacterial origin (Figure 4B). Regarding KEGG pathways, the most relevant pathways enriched in the set of hypermethylated DMRs were T-cell receptor signaling pathway, Th17 cell differentiation, and PD-L1 expression and PD-1 checkpoint pathway, which are related with immunosuppression processes (Figure 4C).
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FIGURE 4. Gene-concept network (cnetplot) of overlapping DMRs. It shows the enriched concepts, obtained with an FDR cut-off of 0.05 (GO biological processes or KEGG pathways) linked to the DMRs involved in each concept, and the relation between them when genes are involved in more than one process. The size of the concept nodes depends on the gene count involved in that pathway or process, while the color of the gene nodes depends on their methylation level according to the displayed color gradient. (A) Cnetplots of GO terms of hypermethylated regions in neonatal sepsis, (B) GO terms of hypomethylated regions in neonatal sepsis, and (C). KEGG pathways of hypermethylated regions.





DISCUSSION

Sepsis produces high mortality and morbidity and adverse long-term effects in neonates. The pathophysiology of neonatal sepsis is not yet fully understood (3). We propose that epigenetics is involved in the immunopathology of sepsis and can provide biomarkers for clinical management of early onset and late onset sepsis.

Neonatal immune development is complex and incompletely understood. Moreover, neonatal immune development is orchestrated by many factors including intra- and extra-uterine exposure to antigens and commensal organisms (6), which determine the susceptibility of the newborn to sepsis (6). Notably, our results reveal significant changes in the DNA methylation between septic and controls, indicating that sepsis produces epigenetic reprogramming in leukocytes. With sepsis both hyperinflammatory and immunosuppressive responses occur (6, 41). Our results reinforce this idea, since methylation changes occur simultaneously in both pro- and anti-inflammatory mediators.

Upon infection, the immune response relies primarily on the innate immune system, which is not fully mature in preterm infants. Changes in DNAm were greater in LOS than in EOS when compared to controls. Hence, the lower methylation levels observed in the promoters of genes involved in neutrophil activation (i.e., ATP8B4, LRG1, TREM1, PRTN3, S100A8, ELANE, and CD177) illustrates the role of DNAm in innate immunity in neonatal sepsis. In addition, TREM-1, which has been proposed as an early biomarker of neonatal sepsis, is involved in the amplification of neutrophil and monocyte inflammatory responses by stimulating pro-inflammatory cytokines (38). Furthermore, the hypomethylation found in the gene coding for neutrophil elastase (ELANE) and proteinase 3 (PRTN3) may alter the formation of NETs (neutrophil extracellular traps), which is an earlier mechanism used by neutrophils to fight infection (42).

In line with pro-inflammatory responses, previous studies revealed the involvement of CD300b in LPS-induced sepsis (37) as well as apoptotic cell phagocytosis mediated by macrophages (36). As the excessive inflammatory response in sepsis entails apoptosis of lymphocytes and epithelial cells, CD300b contributes to sepsis, so the hypomethylation of the CD300B promoter found in our study correlates with previous findings (36, 37). Another relevant pro-inflammatory gene is LTA (lymphotoxin alpha), which is a cytokine produced by lymphocytes. This member of the tumor necrosis factor family is associated with increased risk of sepsis in adults (43), so the hypermethylation we found in LTA also suggests its use as a predictive marker for risk of sepsis in neonates.

IL-10, together with IL-6 and IL-8, are initial markers with high specificity for neonatal sepsis (32). The upregulation of IL-10 in sepsis is concordant with the lower methylation levels we found in its promoter and may contribute to the immunosuppressive response in neonatal sepsis. In addition, the gene encoding for the inflammatory and immunosuppressive protein S100A8 (S100 calcium binding protein A8) showed low methylation. Interestingly, S100A8 is an alarmin related with immunosuppression, because it prevents the expansion of specific inflammatory monocyte populations in septic neonates (44). Of note, S100A8 participates in neutrophil chemotaxis and adhesion, and it is up-regulated in patients with sepsis (45), which is in agreement with the low methylation levels identified in its promoter found in our study.

Regarding the adaptive immune response, T-cell activation is known to be downregulated during the immunosuppressive state (6). Interestingly, we found that the promoters of genes involved in T-cell regulation (i.e., CD3D, CD3G, UBASH3A, SIT1, and TXK) were hypermethylated in neonatal sepsis compared to controls, thereby resulting in decreased expression. The CD3D and CD3G proteins are subunits of the TCR-CD3 complex (TCR, T-cell receptor). The TCR-CD3 complex is a multicomponent membrane receptor in mature T cells and in thymocytes, whose under-expression has been described in adult sepsis (46). UBASH3A (part of the T-cell ubiquitin ligand or TULA) and SIT1 participate in the regulation of the TCR-CD3, by negatively regulating TCR signaling (47, 48). The hypermethylation of these genes suggests modulation of the TCR-CD3 complex in neonatal sepsis as well.

Among other significant methylated genes of interest in the context of neonatal sepsis, we also found CALR, which codes for calreticulin, an endoplasmic reticulum resident protein, with functions in leukocyte migration and related with the severity of sepsis (49). In addition, our study further revealed the hypomethylation of MPO gene, coding for myeloperoxidase, which has previously been described as a potential marker of mortality in sepsis (50).

The overlapping of the DMRs for genes and promoters showed in Figure 4, obtained with mCSEA and DMRcate approaches, revealed the scarce immunoreactivity of T-cells in septic neonates. Interestingly, KEGG pathways demonstrate the enrichment of hypermethylated DMRs for T-cell receptor signaling pathway, Th17 cell differentiation, and PD-L1 expression and PD-1 checkpoint pathway, which has been related with immunosuppression processes (31, 51, 52).

Importantly, using mCSEA method we were able to identify 4 gene promoters in DUSP22, PM20D1, MIR10A, and MIR886 with significant differential DNAm when comparing LOS with EOS. Among these genes, DUSP22 codes for a JKAP, a JNK pathway-associated phosphatase expressed in various types of human immune cells (e.g., T cells, B cells, and natural killer cells) (33, 53). DUSP22 has been closely related to immune and inflammation response and negatively correlates with APACHE II score, SOFA score, TNF-α, IL-1β, IL-6, and IL-17 (54). It would explain, why IL-6 is found elevated in EOS and considered a clinical criterion to diagnose EOS (55, 56). Interestingly, a work by Khaertynov et al., suggest higher values for TNF-α, IL-1β, IL-6 in LOS than in EOS (57), which is in agreement with the observation of higher methylation of DUSP22 in LOS than in EOS. In addition, DUSP22 downregulation correlates with severity, higher level of systemic inflammation, and poor survival in adult septic patients (54). It would be interesting to measure DUSP22 methylation in a cohort of neonatal septic patients in order to evaluate its potential as prognostic biomarkers in neonatal sepsis. Regarding MIR10A, it has been shown that miR-10a levels in PBMC at admission were significantly lower in sepsis patients compared with non-septic patients with infection, and with healthy controls (58). Moreover, miR-10a levels were found to predict 28-day mortality and negatively correlate with disease severity as well as levels for C-reactive protein, procalcitonin, and inflammatory cytokines such as IL-6, TNF-α, and MCP-1 (58). Regarding MIR886, it has been shown that miR-886-5p is increased in human monocyte-derived macrophages as a response to mycobacterial infection at 48 h (59), and the isoform hsa-miR-886-3p was present at higher levels in PBMCs from critically ill patients infected with H1N1 influenza virus than PBMCs from healthy controls (60). Interestingly, miR-886-5p targets IRAK3, BAX, and TP53 transcripts (59), contributing to inhibiting apoptosis (61). In our study we found the hypomethylation of MIR886 in LOS compared to EOS, which may contribute to its upregulation, thereby inhibiting apoptosis in immune cells and setting the basis for an adaptive response in more mature immune cells. This is of special relevance because persistence of immunosuppression related to epigenetic dysregulation (6) may increase the susceptibility for future infections and increases the risk of mortality (11, 17).

Our study has some limitations, especially in the small number of newborns included in each group. Nonetheless our results importantly set the basis for further research aimed to validate our findings and provide novel biomarkers for neonatal sepsis based on DNA methylation.



CONCLUSIONS

DNAm profiles with differential methylation were observed between newborns with sepsis and control neonates in relevant genes and promoters involved in immune pathways. Our study demonstrates the potential use of DNAm to reveal relevant mechanisms underlying the inflammatory and immune dysregulation in neonatal sepsis, and particularly in EOS and LOS, which can help to clarify its physiopathology and therefore contribute to prevent life-threatening complications during neonatal sepsis.
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