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Increasing evidence supports the anti-inflammatory role of estrogens in Multiple Sclerosis (MS), originating from the observation of reduction in relapse rates among women with MS during pregnancy, but the molecular mechanisms are still not completely understood. Using an integrative data analysis, we identified T helper (Th) 17 and T regulatory (Treg) cell-type-specific regulatory regions (CSR) regulated by estrogen receptor alpha (ERα). These CSRs were validated in polarized Th17 from healthy donors (HD) and in peripheral blood mononuclear cells, Th17 and Treg cells from relapsing remitting (RR) MS patients and HD during pregnancy. 17β-estradiol induces active histone marks enrichment at Forkhead Box P3 (FOXP3)-CSRs and repressive histone marks enrichment at RAR related orphan receptor C (RORC)-CSRs in polarized Th17 cells. A disease-associated epigenetic profile was found in RRMS patients during pregnancy, suggesting a FOXP3 positive regulation and a RORC negative regulation in the third trimester of pregnancy. Altogether, these data indicate that estrogens act as immunomodulatory factors on the epigenomes of CD4+ T cells in RRMS; the identified CSRs may represent potential biomarkers for monitoring disease progression or new potential therapeutic targets.
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INTRODUCTION

Multiple Sclerosis (MS) is an autoimmune disease characterized by chronic inflammation of the central nervous system (CNS) affecting 2.5 million people worldwide, with a female/male sex ratio of 3:1 (1, 2). Pro-inflammatory T helper (Th) 17 cells are required for the pathogenesis of MS (3, 4) and its mouse model, the experimental autoimmune encephalomyelitis (EAE), whereas CD4+Foxp3+ regulatory T cells (Treg), crucial for preventing autoimmunity, are defective in numbers and functions (5). Intriguingly, the female sex hormone estrogen is protective in MS: it exerts potent effects on immune cells and in the CNS during pregnancy, especially in the third trimester when they peak and the most pronounced decrease in the relapse rate occurs (6). This potent, short-term beneficial effect of pregnancy is then followed by a temporary rebound of disease activity post-partum, probably due to the fall of estrogen serum concentration (7).

The role of estrogen-induced immunomodulation is well-demonstrated both on innate immune cells and on adaptive immune cells (8), however little is known about the molecular mechanism underlying its action on the immune system. Estrogens act by binding Estrogen Receptors (ER) α and β that, functioning as ligand-activated transcription factors, bind specific DNA sequences, associate chromatin remodelers and transcriptional factors, and therefore regulate a broad range of estrogen-responsive genes. Among T lymphocytes, CD4+ T cells express higher levels of ERα than ERβ (9) and ERα signaling is required for estrogen-mediated regulation of CD4+ T cell subsets and protection against EAE (10, 11). In the EAE model, estrogens have been shown to have an anti-inflammatory effect by inhibiting CD4+ T cells expansion, decreasing autoantigen-specific Th1 and Th17 cells (12, 13) and increasing proportion of Treg cells (14, 15). In MS patients, the protective effect of estrogens has been reported in a pivotal trial (16, 17) and currently, large placebo-controlled clinical trials of estrogen therapy in MS are still ongoing (18).

CD4+ T cells, after being activated, differentiate into distinct effector subsets, characterized by the expression of specific Transcription Factors (TF), cytokines, cytokine receptors, and surface molecules that drive different immunomodulatory features (19). Each cell type has its own unique chromatin landscape that defines cell identity and its specific functions. However, these cells retain the ability to change their identity and adapt their functions upon new polarizing environments that act on cell-type specific epigenetic features. Interestingly, the balance between Th17 and Treg cells, that have a central role in MS outcome (20), depends on epigenetic dynamics (21). These pivotal regulatory nodes can divert T cell functions toward inflammatory or regulatory state reprogramming T cells and modulating immune response (22, 23).

Epigenomic profiling is used to identify the chromatin status at cis-regulatory regions, promoters and enhancers. The analysis of epigenomic data led to the identification of clusters of enhancers in close genomic proximity, defined as Super Enhancers (SEs), which play an essential role in defining cell identity (24). The identification of SEs is usually performed by looking at the enrichment of different epigenetic features such as lysine 27 acetylation of histone H3 (H3K27ac), the binding of p300 and the binding of master regulator TFs (25, 26). The combinatorial effect of histone marks defines the histone code by providing a more detailed view of epigenomic status at the genomic regulatory regions, and allows better characterization of active sites of transcriptional regulation (27). Whereas, mRNA expression profiling provides a snapshot of the current state of a cell, the understanding of the epigenetic regulation can give a perspective on how this conformation has been reached and could potentially change (28). Immune system adaptation is driven by molecular circuitry in which cell-type specific regulatory regions represent a central component. These core-enhancers are associated with lineage-specific TF binding and they are downstream target of cytokines pathways. Therefore, these genomic regions represent a key regulatory hub of cell-identity and they may be involved in cell plasticity dynamics (29).

In the present study, we used an integrative approach to reconstruct a regulatory network of Th17- and Treg-specific TFs. The network defined using a set of cell type-specific genomic regulatory regions, allowed us to extract putative ERα-regulated enhancers, which are active in these two CD4+ subtypes. Among the identified TFs, RORC, and FOXP3 emerged as candidate targets of estrogenic signaling in Th17 and Treg cells, respectively. We evaluated 17β-estradiol (E2)-induced epigenetic changes at cell type-specific regulatory regions of RORC and FOXP3 loci in Th17 polarizing Peripheral Blood Mononuclear Cells (PBMC). Thus, we monitored the epigenetic status of these regions in PBMCs and purified Th17 and Treg cells derived from RRMS patients and healthy donors during pregnancy. We found that these genomic regions have MS-associated epigenetic signature in cells from pregnant individuals suggesting that they could constitute key regulatory hubs acting as switchers between Th17 and Treg cells in the pathological condition.

MATERIALS AND METHODS

Study Design

This study was designed to investigate the epigenetic profile of Th17 and Treg cells in MS patients during pregnancy. To identify Th17 and T regulatory CSR regulated by ERα, an integrative data analysis was performed on public data sets: first, SEs prediction was combined with chromatin states analysis, and then, a core regulatory network in Th17 and Treg cells based on CSRs and putative ERα binding was reconstructed. Specifically, we focused on RORC and FOXP3 CSRs.

Therefore, peripheral blood of RRMS patients during the third trimester of pregnancy (T3) and in the postpartum period (pp) were collected and analyzed. The institutional review board of each participating center approved the study design and all subjects gave written informed consent. PBMCs from HD were activated under Th17 polarizing condition to test the effects of E2 treatment at pregnancy concentration on the selected CSRs, the mRNA levels of RORC and FOXP3 and the percentage of Th17 and Treg cells. PBMCs from pregnant RRMS patients and HD were analyzed by FACS for Th17 and Treg cells and by Chromatin Immuno Precipitation (ChIP) followed by quantitative PCR (qPCR) for CSRs. The numbers of independent experiments or individuals are given in each figure legend.

Super Enhancers Prediction

SEs were identified using Rank Ordering of Super Enhancers (ROSE) algorithm (26) in default settings. CD4+CD25–CD45RA+ cells (Naive T), CD4+CD25– T cells (Th), CD4+CD25–IL17+ T cells (Th17), and CD4+CD25+CD45RA+ T cells (Treg) SEs have been defined applying ROSE algorithm on H3K27ac ChIP followed by sequencing (-Seq) datasets of Naive (GSM773004), Th (GSM997239), Th17 (GSM772987), and Treg cells (GSM1056941). Significant H3K27ac ChIP-Seq peaks were defined using MACS2 algorithm version 2.1.0 (30) applied in default settings. Input ChIP-Seq datasets were used as background models for SE and enhancer calling. The list of significant ChIP-Seq peaks was used as input for ROSE algorithm.

SNPs Analysis

SNPs associated with 41 different diseases were retrieved from GWAS database v2 (31). SNPs were overlapped with SEs from earlier analysis. Enrichment scores were computed generating 1,000,000 random regions of the same length and calculated as:
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with:

Nobs = Number of trait-associated SNPs observed to fall in our dataset

Npermi = Number of trait-associated SNPs observed to fall in a randomly generated dataset (n = 1,000,000).

Chromatin States Analysis

Genome segmentation data from Roadmap Epigenomics Project (32) were retrieved from the project website (http://egg2.wustl.edu/roadmap/web_portal) considering the 25-chromatin states model defined on imputed epigenomic data from 127 different cell types. The model is based on imputed data for 12 epigenetic marks (H3K4me1, H3K4me2, H3K4me3, H3K9ac, H3K27ac, H4K20me1, H3K79me2, H3K36me3, H3K9me3, H3K27me3, H2A.Z, and DNase accessibility) predicted by ChromHMM (27). These data report the genomic segmentation computed on each cell type. The segmentation consists in consecutive non-overlapping 200 bp genomic regions annotated with the predicted chromatin state. Segmentation data related to “E039—Primary CD25– CDRA45+ Naive T cells,” “E043—Primary CD25– Th cells,” “E042—Primary IL17+ PMA-I stimulated Th cells,” “E044—Primary CD25+ regulatory T cells” were extracted. The identification of regulatory regions was performed by considering the chromatin states associated with an emission parameter of H3K27ac and H3K4me1 ≥75. Using this threshold, six chromatin states (2_PromU, 9_TxReg, 10_TxEnh5′, 13_EnhA1, 14_EnhA2, 15_EnhAF) were defined as active regulatory states. The segments classified in these states were extracted from the CD4+ segmentation data using an in-house Python script. Then, consecutive genomic segments classified as regulatory were merged defining the regulatory regions set for each CD4+ subtype. To distinguish regulatory regions according to their level of activity among CD4+ subtypes, the chromatin state predicted in each 200 bp fragment composing regulatory regions was compared among CD4+ cell subtypes. If more than half of the fragments within a merged region were classified as active regulatory regions in a specific CD4+ subtype only, the entire region was classified as ARRs in that specific CD4+ subtype. SE-ARRs were obtained overlapping ARRs and SEs using the intersect function of Bedtools suite (33).

Histone Marks Enrichment Analysis

The evaluation of histone marks enrichment within ARRs, SE-ARRs, and CSRs has been performed overlapping selected regions with ChIP-Seq dataset retrieved from Roadmap project using the intersect function of Bedtools suite (33). The list of datasets used for this analysis is in Table S1G. Histone marks enrichment in ARRs and SE-ARRs was computed as the mean of replicates over the mean of input datasets in each cell subtype. Histone marks enrichment in CSRs associated genes was computed as the mean of the enrichment in each CSR associated to a single gene.

Gene Ontology Analysis

Functional and ontological enrichment analysis of genes mapped in proximity of SEs and SE-ARRs was performed using the Genomic Regions Enrichment of Annotations Tool (GREAT) in default mode (34).

RNA-Seq Analysis

Twenty-five PolyA+ RNA-Seq experiments performed on five CD4+ subtypes isolated from healthy donors were re-analyzed (ArrayExpress Archive of Functional Genomics Data experiment accession: E-MTAB-2319) (35). In detail, sequencing reads of the five replicates of CD4+ Naïve cells (CD4+CCR7+CD45RA+CD45RO–), CD4+ Th1 cells (CD4+CXCR3+), CD4+ Th2 cells (CD4+CRTH2+CXCR3–), CD4+ Th17 (CD4+CCR6+CD161+CXCR3–), and CD4+ Treg cells (CD4+CD127–CD25+) were retrieved and considered for this analysis. Reads were mapped using TopHat v2 (36). The hg19 human genome assembly was used as a reference genome while Gencode v19 as a reference set of gene annotations. Read count was performed using FeatureCounts algorithm and read count tables were normalized with DESeq2 package (37, 38). Normalized read counts were converted to fragments per kilobase of exons per million fragments mapped (FPKM) considering the length of the longest isoform of each gene and the millions of reads. Genes with FPKM > 1 in all five biological replicates available for a CD4+ subtype were considered expressed in that specific subtype. SEs were annotated to CD4+ expressed genes whose TSS was mapped within a distance of 100 Kbp from the center of the nearest SE. Differential expression analysis was performed using DESeq2 package (38). A gene was considered as differentially expressed between two CD4+ subtypes if associated with an adjusted p < 0.001. To transform the expression data in Z-score, first, the average expression across the five RNA-Seq replicates of each CD4+ subtype, then the mean expression and the standard deviation across the five CD4+ subtypes were computed.

Transcription Factor Binding Motif Analysis

A non-redundant list of human Positional Weight Matrices (PWMs) was obtained from the integration of four public PWM databases (HOCOMOCO v10, jolma 2013, CISBP v1.02, Jaspar vertebrates 2016). PWM were selected based on species and quality attributes. Firstly, only human- or mouse-derived PWMs were selected favoring human-TF related matrices. Then, PWMs derived from experimental evidence were preferred to computational inferred ones in case of PWMs concerning the same TF.

TF motifs discovery at ARRs was performed using Find Individual Motif Occurrences software (FIMO) included in the MEME suite for Motif-based sequence analysis (39). A significance threshold of 0.001 on the p-value score has been applied for the motif finding analysis.

Network Reconstruction

Regulatory networks of Th17 and Treg cells were designed considering subtype specific regulatory interactions. Specifically, for each CD4+ subtype, network nodes represent expressed SE-ARR associated genes. A gene was classified as TF using a list of experimentally validated TFs from the Animal Transcription Factor Database (40). Network edges represent regulatory interactions predicted by motif finding analysis performed on SE-ARR sequences using Find Individual Motif Occurrences software (FIMO) included in the MEME suite (39). Then, node inward links connect that node/target with its TF regulators whose binding is predicted at node/target SE-ARRs. Conversely, outward links represent regulatory interaction of a node/TF with its targets by SE-ARRs binding. We called CSRs the subset of SE-ARRs associated with highly differentially expressed TFs between Th17/Treg cells and Naive T cells (DESeq2 FDR adjusted p < 1.0 × 10−7). Thus, we filtered networks for CSRs, obtaining core regulatory subnetworks. Pairwise gene expression correlation analysis was performed using the 25 FPKM values from CD4+ RNA-Seq analysis (E-MTAB-2319) (35). Pearson linear correlation on each pair of genes was computed. An absolute Pearson coefficient >0.3961 was considered statistically significant for positive or negative correlations (two-tailed t-test, p < 0.05). Positive and negative correlations were used to represent activatory and inhibitory network links, respectively. For network visualization, Cytoscape version 3.4.0 was used (41). Network analyzer (42) was applied to compute network statistics.

Patients

Fifteen pregnant MS patients with clinically defined RRMS (mean age 36 ± 4), referred to the academic neurological unit, Department of Clinical and Biological Sciences, University of Turin (IT); AOU Federico II, Regional Multiple Sclerosis Centre, Naples (IT); and Multiple Sclerosis Center, ASST Ospedali Civili di Brescia, Brescia (IT) were enrolled in the study. Inability to express the informed consent, treatment with any RRMS drugs (interferon beta 1a or 1b, glatiramer acetate, tecfidera, teriflunomide, fingolimod, mitoxantron, alemtuzumab), alcohol abuse, cardiopathies, major depression and the concomitance with other autoimmune diseases were exclusion criteria. Fifteen sex and age matched healthy donors, referred to City of Health and Science Academic Hospital, Birth Center Sant'Anna, Turin (IT), were enrolled as the control group. Demographical and clinical characteristics of patients and HDs are outlined in Table 1. Blood samples were collected during routine checkup and processed within 24 h of collection. The institutional review board of the participating centers approved the study design and all subjects gave written informed consent.


Table 1. Patients' characteristics.
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PBMCs, Treg, and Th17 Cells Isolation

PBMCs were isolated from whole blood samples by a Ficoll-Paque TM PLUS (GE Healthcare, Milan, IT) density-gradient centrifugation. Treg cells were separated from PBMCs using the CD4+CD25+CD127dim/– Regulatory T Cell Isolation Kit II human (Miltenyi Biotec, GmbH, Germany). This separation consisted in two steps. First, the isolation of CD4+ CD25+ CD127dim/– regulatory T cells was performed with a cocktail of biotinylated antibodies and Anti-Biotin MicroBeads for the depletion of non-CD4+ and CD127high cells by separation over a MACS® Column, which is placed in the magnetic field of a MACS® Separator (Miltenyi Biotec, GmbH, Germany). In the second step, the flow-through fraction of pre-enriched CD4+CD127dim/– T cells was labeled with CD25 MicroBeads for subsequent positive selection of CD4+CD25+CD127dim/– regulatory T cells. Negatively selected fraction of CD4+CD25– T cells was collected for the next separation of Th17 cells. This cell fraction was stimulated with 50 ng/ml Phorbol-12-myristate-13-acetate (PMA) and 500 ng/ml Ionomycin (Sigma Aldrich) at 37°C for 4 h to induce cytokines production. Th17 cells were then separated using IL-17 Secretion Assay-Cell Enrichment and Detection Kit human (Miltenyi Biotec, GmbH, Germany). PMA-ionomycin stimulated cells were mixed with the provided IL-17 Catch Reagent and incubated for 45 min at 37°C to allow the reagent to bind the positive, secreting cells. IL-17–secreting cells were subsequently labeled with a second PE-conjugated IL-17–specific antibody and finally magnetically labeled with Anti-PE MicroBeads UltraPure and separated over a MACS® Column.

In vitro Th17 Cells Polarization

Isolated PBMCs from female healthy donors (HD) (18–45 years old) were cultured in RPMI 1640 medium containing 10% estrogen deprived Fetal Bovine Serum (FBS), 2% HEPES, 1% Glutamax, and 1% Gentamicin. They were activated with plate-coated anti-CD3 (10 μg/ml) and soluble anti-CD28 monoclonal antibodies (mAbs) (1μg/ml; BD Biosciences, San Diego, CA) for 3 days in the presence of IL-23 (50 ng/ml; R&D Systems) plus anti–IFNγ (100 ng/μl; Biolegend, San Diego, CA) as previously described (3). At day 0, cells were treated with 17β-estradiol (E2) 35 ng/mL or vehicle (ethanol) in concomitance with Th17 polarizing cytokines.

Flow Cytometry Analysis

PBMCs were stained for Treg cells with anti-CD4, anti-CD25, and anti-CD127 mAbs (Biolegend, San Diego, CA) on the cell surface. For detection of the transcriptional factor FoxP3, cells were fixed with Fixation and Permeabilization Buffers (eBioscience, San Diego, CA) and were then stained with anti-FoxP3 mAb (eBioscience, San Diego, CA). The expression of IL-17 was analyzed by intracellular cytokine staining. PBMCs were cultured in Iscove's Modified Dulbecco's Medium (BioWhittaker, Walkersville, MD) supplemented with 10% Fetal Bovine Serum (FBS, Invitrogen, Carlsbad, CA) and stimulated for 5 h with Phorbol 12-myristate 13-acetate PMA (50 ng/ml) and ionomycin (500 ng/ml) in the presence of Brefeldin A (BFA, 10 μg/ml, Sigma-Aldrich, St. Louis, MO). Cells were first stained for the surface antigen CD4, (Biolegend, San Diego, CA) and then fixed with 4% paraformaldehyde, permeabilized with 0.5% saponin, followed by intracellular staining with anti-IL-17 mAb (Biolegend). ERα expression on Th17 and Treg cells was detected by staining with ERα mAb (LSBio, Seattle, WA). The ERα specific cell-associated mean fluorescence (ΔMFI) was calculated by subtracting the MFI of cells stained with control isotype IgG from that of cells stained with ERa mAb. Stained PBMCs were acquired on a BD AccuriTM C6 Cytometer (BD Biosciences, San Jose, CA) and analyzed with FlowJo software (Ashland, OR).

Chromatin Immunoprecipitation Assay

We adapted a ChIP protocol optimized for a small amount of chromatin (43). PBMCs and purified Treg and Th17 cells were incubated with 1% formaldehyde in PBS 1X for 10 min at 37°C. The crosslinking reaction was stopped by adding glycine at a final concentration of 125 mM followed by incubation at room temperature (RT) for 5 min. PBMCs nuclear extracts were then obtained with a two-step lysis procedure using Cell Lysis Buffer (5 mM Pipes pH 8.0, KCl 85 mM, NP40 0.5%) and Nuclei Lysis Buffer (SDS 1%, EDTA 10 mM, Tris-HCl pH 8.1 50 mM) both added with 1X protease inhibitor cocktail (Sigma-Aldrich) and 1 mM phenylmethylsulfonylfluoride (PMSF, Sigma-Aldrich). In the case of purified Th17 or Treg cells, only Nuclei Lysis Buffer step was performed. Cell lysates were incubated on ice for 10 min and then sonicated in two different ways according to the starting sample. Chromatin from PBMCs was fragmented by 20 sonication cycles consisting of 20″ on and 50″ off using Sonopuls HD2070 sonicator (Bandelin). Th17 and Treg chromatin were fragmented for 30 pulses 30″ON/30″OFF high with Bioruptor Twin (Diagenode). A small fraction of chromatin was decrosslinked with 50 μg of Proteinase K (Thermo Fisher Scientific) and DNA was purified with phenol chloroform (Ambion, Applied Biosystems), followed by ethanol precipitation. Chromatin fragmentation was checked by electrophoretic separation of DNA on a 1.2% agarose gel. One microgram of sonicated chromatin was diluted in IP buffer to a final volume of 120 μl for each immunoprecipitation, and incubated with 0.5 μg of antibodies against human H3K4me3 (Diagenode), H3K27me3 (Active Motif), H3K4me1 (Diagenode), H3K27ac (Active Motif), ERα (HC-20) X, and ERα (H-184) X (Santa Cruz Biotechnology) in a BSA precoated Corning™ Falcon™ Polystyrene 96-well microplate (Thermo Fisher Scientific). Lysates with Ab were incubated at 4°C overnight on an orbital shaker. Samples with IgG antibody (Abcam) were run in parallel as negative controls. The following day, 30 μl of 50% Protein A SepharoseTM 4 Fast Flow (GEHealthcare) slurry was added and incubated for 2 h at 4°C to purify the immune complexes. Proteins and DNA complexes non-specifically associated with beads were removed by sequential washes with low-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl pH8.0, and 150 mMNaCl), high-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.0, and 500 mMNaCl), LiCl washing buffer (0.25 M LiCl; 1% deoxycholate sodium salt, 1 mM EDTA, 10 mM Tris-HCl pH8.0, and 1% NP-40) and twice with Tris-EDTA buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA). Samples were maintained at 4°C for 5 min on an orbital shaker each wash. The immunoprecipitated DNA-protein complexes were purified by 10% Chelex® 100 Resin (BIO-RAD) for 10 min at 95°C. Proteins were digested incubating each sample with 20 μg of Proteinase K (Thermo Fisher Scientific) for 30 min at 55°C and then 10 min at 95°C to obtain Proteinase K inactivation and DNA purification. The resulting purified DNA was used for following qPCR analysis.

Total RNA Extraction

Total RNA was extracted using TRIzol® Reagent (Invitrogen) according to the manufacturer protocol. Concentration of RNA in samples was measured by NanoDrop 1,000 Spectrophotometer (Thermo Fisher Scientific). Extracted RNA were then treated with ezDNase™ Enzyme (Thermo Fisher Scientific). DNA-free RNA was reverse-transcribed into complementary DNA (cDNA) with SuperScript™ IV VILO™ Master Mix (Thermo Fisher Scientific). Resulting cDNA was used for qPCR analyses.

Real Time Quantitative PCR

Real Time PCR was performed using 7300 Real Time PCR System (Applied Biosystems) and the iTaq Universal SYBR Green Supermix (Biorad) in 96-wells multiwell plates (Applied Biosystems). FOXP3 and RORC mRNA expression was determined using QuantiTect Primer Assays (QIAGEN, Hilden, Germany). Relative quantification of mRNA was normalized on 18 s mRNA level. ChIP signals were normalized on input samples (10% of total chromatin used per IP) and expressed as enrichment of specific binding over the control non-specific IgG binding. Primers for ChIP-qPCR analysis of promoter and enhancers were designed using Primer3Plus software. Designed primer were tested with in silico PCR tool (https://genome.ucsc.edu/) in order to check specificity of amplification during PCR reaction and with AnnHyb software (http://bioinformatics.org/annhyb/) to verify self-hybridization and dimer formation of primers. Primers were synthesized by Bio-Fab Research (Rome, Italy) (Table S3).

Statistical Analysis

Statistical analyses were performed using GraphPad Prism 5 (GraphPad Software, San Diego, CA). Student's t-test for paired values and one-way analysis of variance (ANOVA) followed by Bonferroni multiple comparison post-test, were used. P < 0.05 was considered to be significant.

RESULTS

Definition of Active Regulatory Regions Within Super Enhancers of CD4+ T Cell Subtypes

Genomic regulatory regions are integrative hubs for cellular pathways activated upon environmental stimuli. Since we were interested in the identification of putative genomic targets of estrogens signaling in Th17 and Treg cells, ERα modulated chromatin regulatory hubs were identified by using an integrative analysis of epigenomic and transcriptomic data. We designed a computational approach composed of four consecutive Next Generation Sequencing (NGS) data integration steps: (i) SEs prediction in CD4+ T cell subtypes, (ii) chromatin states analysis for identification of active regulatory regions, (iii) overlap between these regions and SEs detected in Th17 and Treg cells, (iv) reconstruction of a core TFs regulatory network of Th17 and Treg cells and identification of putative ERα targets (Figure 1A).
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FIGURE 1. Active regulatory regions within super enhancers of CD4+ T cell subtypes (A) Workflow representation of our approach for data integration. SEs prediction in CD4+ T cell subtypes and chromatin states analysis were used for identification of active regulatory regions (left side). Overlap between these regions defines SE-ARRs. DE Gene expression analysis led to the identification of main TFs involved in Th17 and Treg lineage determination (right side). Finally, we reconstructed a SE-ARRs-associated TFs regulatory network in Th17 and Treg cells. By this analysis, we identified putative targets of ERα-mediated regulation in Th17 and Treg cells. (B) Prediction of SEs in Th17, Treg, Naive T, and Th cells by Rank Ordering of Super Enhancers (ROSE) algorithm. Line plot reports the cumulative number of enhancers identified in Th17 and Treg cells as function of the number of H3K27ac ChIP-Seq reads over the input dataset. Vertical lines represent the threshold over which H3K27ac signal intensity defines SEs. (C) Bar plot shows the fraction of ARRs overlapping SEs in Th17 and Treg. (D,E) Box plot shows the log2 normalized H3K27ac, H3K4me1, H3K27me3, and H3K9me3 ChIP-Seq signal measured in Th17- (D) and Treg- (E) SE-ARRs. On right panels SE-ARRs comparison with ARRs. P-value by Wilcoxon Rank-sum test. (F) Bar plot shows top 15 most significant Gene Ontology Biological Processes enriched by Genomic Regions Enrichment of Annotations Tool (GREAT) for genes mapped in proximity of Th17 (left) and Treg (right) SE-ARRs.



We predicted SEs using public H3K27ac ChIP-Seq data of human CD4+CD25–CD45RA+ cells (Naive T), CD4+CD25– T cells (Th), CD4+CD25–IL17+ T cells (Th17), and CD4+CD25+CD45RA+ T cells (Treg) from the Roadmap Epigenomics Project (30), identifying 658, 676, 999, and 851 SEs in Naive T, Th, Th17, and Treg cells, respectively (Figure 1B and Table S1A). Interestingly, Gene Ontology (GO) analysis of genes mapped in proximity of SEs showed an association with “immune response” and “regulation of immune system” processes (Table S1B). We also evaluated the enrichment of Single Nucleotide Polymorphisms (SNP) associated to a set of 41 diseases, within Th17 and Treg SEs. Autoimmune-disease-associated SNPs, overlapped more often with Th17 and Treg SEs than with a random set of regions of the same length. This enrichment is stronger for autoimmune-disease-associated SNPs in respect to the control group of other-disease-associated SNPs (Figure S1A).

To identify Active Regulatory Regions (ARRs) in SEs of Th17 and Treg cells, we analyzed chromatin states data predicted by ChromHMM (44) in the aforementioned CD4+ T cell subtypes. This model consists of 25-chromatin states model based on imputed data for 12 epigenetic marks defined for 127 cell types and provides a 200 bp human genome segmentation with the corresponding predicted functional annotation. Using this data, we selected a subset of 65,581 genomic regions characterized by an enrichment of H3K27ac and lysine 4 mono-methylation of histone H3 (H3K4me1) whose co-occurrence defines active enhancers (45). To distinguish these regions according to their level of regulatory activity among CD4+ T cells, we compared their epigenetic state (see Methods for details) and found 4,610 (7.03%), 7,508 (11.45%), 4,720 (7.20%), and 5,608 (8.55%) ARRs exclusive to naive T, Th, Th17, and Treg cells, respectively (Figure S1B and Table S1C). Then, to further isolate ARRs characterized by the highest predicted regulatory activity, we overlapped ARRs with predicted SEs in these cell subtypes. The 2.27, 2.73, 14.60, and 8.10% of naive-, Th-, Th17-, and Treg-ARRs, respectively, overlapped with SE regions (Figure 1C and Table S1D). As expected, SE-overlapped ARRs (SE-ARRs) showed significantly higher levels of H3K27ac compared with ARRs (Figure 1D). Moreover, the comparison of Th17 and Treg SE-ARRs underlines that H3K27ac in SE-ARRs has a cell-type specific enrichment (Figure 1E). Gene Ontology (GO) analysis for genes mapped in proximity of Th17 SE-ARRs showed an association with immune system and inflammatory processes, whereas Treg SE-ARRs are associated with chromatin remodeling and metabolism (Figure 1F and Tables S1E,F).

Reconstruction of Cell Type-Specific Regulatory Networks Identifies ERα-Regulated Genomic Regulatory Regions in Th17 and Treg Cells

In order to obtain an overview of gene expression profiles associated to SE-ARRs in Th17 and Treg cells, we re-analyzed raw data from a paired-end tag poly (A+) RNA-Seq datasets performed on purified CD4+ T cells, including Th17 and Treg cells, from five human healthy donors (35). We found 1,291 significantly Differentially Expressed (DE) genes between Th17 and Treg cells, 147 of which associated to SE-ARRs mapped within a distance of 100 kbp (Figure 2A and Table S2A). Comparison of the expression specificity among CD4+ T cells highlighted that upregulated genes in Treg cells were more specific of this CD4+ subtype, while upregulated genes in Th17 cells were similarly expressed in Th1 and Th2 subtypes (Figure 2B). Interestingly, among these genes, the highest DE TF-coding genes associated with SE-ARRs were RORC, HSF4, and MAF in Th17 cells, and IKZF2, FOXP3, and IKZF4 in Treg cells (Table S2A).


[image: image]

FIGURE 2. ERα-regulated genomic regulatory regions inTh17 and Treg cells. (A) Heat map representing the log2FC of expression computed between Th17 and Treg RNA-Seq data. Only data of SE-ARRs associated significantly DE genes between the two CD4+ cell type are reported. Genes are sorted by decreasing Th17/Treg log2FC. (B) Heat map representing the gene expression specificity computed in each CD4+ population as Z-score of expression. Purple colors represent specifically overexpressed genes while green color specifically underexpressed genes. (C) Heatmap shows log2 normalized H3K27ac, H3K4me1, H3K27me3 and H3K9me3 ChIP-Seq signal measured in CSRs associated nodes from Th17 and Treg core regulatory networks. Hierarchical clustering shows differences between the epigenetic asset of Treg- and Th17- CSRs. (D,E) Th17 (D) and Treg (E) core regulatory networks. Core regulatory networks are reconstructed by filtering total regulatory networks for SE-ARRs associated TFs with a significant fold change (DESeq adjusted p-value < 1 × 10−7). Node size is scaled to indegree values. Node color represents log2 fold change expression of Th17/Naive CD4+ cells and Treg/Naive CD4+ cells, respectively. Edge thickness is scaled to the sum of predicted TF binding sites at target-associated CSRs. Edge color represents positive (green) or negative (red) regulation inferred by Pearson correlation analysis between regulator and target gene expression. Positive and negative correlations are used to represent activatory and inhibitory network edges, respectively. Since PWMs are not available for all TFs, some interactions could not be predicted. (F,G) Networks show predicted ERα binding at SE-ARRs associated TFs in Th17 (F) and Treg (G) cells. Edge thickness is proportional to the number of ERE identified at target SE-ARRs. Node color represents log2 fold change expression of Th17/Naive CD4+ cells and Treg/Naive CD4+ cells, respectively. Node size is fixed. ERα targets included also in respective core regulatory network are highlighted with a gray circle.



To identify putative regulatory interactions between SE-ARRs associated TFs, we explored the sequence of SE-ARRs for the binding motif of a list of human TFs (see Methods for details). Results of this analysis were used to reconstruct a core TF regulatory network in which the indegree of nodes, representing TF-coding genes, is given by the number of significant TF binding motifs enriched at gene-associated SE-ARRs. Conversely, the outdegree of nodes is the sum of predicted TF bindings to other gene-associated SE-ARRs (46) (Figure S1C). We extracted information on key candidate TFs involved in Th17 or Treg lineage determination by computing the differential gene expression between Th17/Naive and Treg/Naive CD4+cells. We identified 4 and 10 SE-ARR-associated DE TFs (FDR adjusted P < 1.0 × 10−7) in Th17/Naive and Treg/Naive comparison respectively (Tables S2B–E). We used these TFs to create subnetworks of the total regulatory networks (Figures 2D,E). Then, we enriched these subnetworks with activation and inhibition regulators inferred by a correlation analysis of gene expression (Figures 2D,E and Table S2F). Our network reconstruction highlighted RORC, MAF, and HSF4 as nodes with highest indegree in the Th17 network, and FOXP3, IKZF2, IKZF4, PRDM1, and SATB1 as core regulated genes in Treg cells (Figures 2D,E).

Interestingly, the subset of SE-ARRs associated with these DE TFs show a cell-type specific enrichment of epigenetic marks associated with active enhancers. Hierarchical clustering analysis of single histone modification within these SE-ARRs discriminates the different CD4+ T cells subtypes (Figure 2C). Hence, we called these regions Cell-type Specific Regulatory regions (CSR).

Finally, since our main interest was to identify targets for genomic pathway of estrogens, we sought for the enrichment of estrogen response elements (ERE) within Th17 and Treg SE-ARRs. We found an enrichment of ERE in SE-ARRs associated to 46 TFs identified in Th17, and to 65 TFs in Treg cells. Among these TFs, 9 and 15 are DE (FDR adjusted P < 1.0 × 10−3) in Th17/Naive and Treg/Naive cells, respectively (Figures 2F,G and Tables S2G,H).

Collectively, this analysis shows CSR-associated TFs in Th17 or Treg cell differentiation. Moreover, it revealed RORC and FOXP3 as first major candidates of ERα-mediated regulation.

E2 Impairs Th17 in vitro Polarization Inducing Chromatin Remodeling at FOXP3- and RORC-CSRs

To understand the effects of E2 on Th17 cells during pregnancy, we activated peripheral blood mononuclear cells (PBMC) from female healthy donors (HD) in vitro under Th17 polarizing conditions in the presence and absence of E2 at pregnancy concentration (35 ng/ml). Figure 3A shows FOXP3 and RORC loci, with associated CSRs derived from previously described bioinformatic analysis. We designed primers within these regions, and in two other biologically relevant regions: FOXP3 intronic Conserved non-coding sequence 2 (CNS2) (47) and RORC promoter.
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FIGURE 3. E2 impairs Th17 polarization inducing chromatin remodeling at CSRs. (A) UCSC Browser of human FOXP3 locus and RORC locus. First colored bars represent the chromatin states (e.g., yellow segments are classified as active enhancers). Blue bars are predicted SEs, purple bars are ARRs and green bars are the regions that we analyzed. (B–E) PBMCs from five HD were polarized under Th17 polarizing conditions with or without E2 treatment. ChIP-qPCR analysis of H3K4me3, H3K27me3, H3K4me1, H3K27ac, and ERα at RORC- (B) and FOXP3- (C) CSRs. Columns represent the enrichment of the immunoprecipitation over non-specific IgG and normalized for input chromatin at 30 min and 3 days of stimulation. FOXP3 and RORC mRNA expression (D), and FACS analysis of Th17 and Treg cells in CD4_lymphocytes (E) stimulated for 3 days. *p < 0.05, **p < 0.01, and ***p < 0.001 represent the statistical significance.



Chromatin immunoprecipitation assay followed by qPCR (ChIP-qPCR) was performed against typical histone marks of promoters and enhancers and ERα binding. At RORC locus, E2 treatment increases H3K27me3 enrichment at gene promoter and ERα binding at the enhancers, whilst decreasing H3K4me1 levels at the enhancer (Figure 3B). By contrast, at FOXP3 locus, E2 treatment increases H3K4me3 enrichment at gene promoter, H3K4me1 and H3K27ac enrichment at the enhancers and the binding of ERα in all of the tested regions (Figure 3C). The epigenetic changes induced by E2 treatment at FOXP3 and RORC loci reflect an enhanced FOXP3 and an impaired RORC mRNA expression (Figure 3D). Consistently, E2 treatment induces a significant inhibition of Th17 cells expansion and a slight increase of Treg cells that return to similar levels to those before polarization (Figure 3E).

Altogether, these data indicate that E2 treatment impairs Th17 expansion and induces a chromatin remodeling at CSRs involved in Th17 and Treg subtype definition.

Pregnancy-Associated Epigenetic Signature at CSRs in Th17 and Treg Cells of MS Patients

Fifteen pregnant RRMS patients and fifteen pregnant healthy donors (HD) were studied during the third trimester of pregnancy (T3) and the postpartum period (pp). The epidemiological and clinical characteristics of these subjects are summarized in Table 1. In the peripheral blood, we observed a significant reduction of Th17 cells in the T3 (0.45% ± 0.06) and in the pp (0.73% ± 0.19) compared with active non-pregnant RRMS (2.6% ± 0.56), whereas no difference was detected in HD (Figure 4A). Treg cells increase significantly in the T3 both in HD (3.42% ± 0.23) and in RRMS (2.86% ± 0.43) compared with non-pregnant HD (1.9% ± 0.24) and active RRMS (1.27% ± 0.17, Figure 4B). Interestingly, CD4+ T cells from RRMS patients expressed significantly higher levels of ERα compared with HD (Figure 4C), and this feature was peculiar of Th17 cells but not of Treg cells, as ERα was expressed at the same level both in Treg cells from HD and RRMS (Figure 4D). These data suggest that estrogens may affect circulating CD4+ T cells, especially Th17 cells in RRMS.
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FIGURE 4. Epigenetic changes at FOXP3 and RORC loci in PBMCs from MS patients during pregnancy. (A,B) Th17 and Treg cells percentage, evaluated by FACS, in the PBMCs of HD (gray bars) and MS patients (white bar) non-pregnant, during the T3 and in the pp. (C,D) Expression of ERα, evaluated by FACS, on total CD4+ T cells, Th17, and Treg cells from HD and MS patients. Graph shows ERα specific cell-associated mean fluorescence (ΔMFI). (E–H) ChIP-qPCR analysis of H3K4me3, H3K27me3, H3K4me1, H3K27ac, and ERα binding on PBMCs derived from MS patients (E,F) and HD (G,H) during T3 and in the pp. Boxes, with mean, minimum and maximum, represent the enrichment of the immunoprecipitation over non-specific IgG and normalized for input chromatin. *p < 0.05, **p < 0.01 and ***p < 0.001 represent the statistical significance.



To understand if chromatin remodeling occurs in lymphocytes from RRMS patients during pregnancy, RORC and FOXP3 CSRs were tested for histone marks and ERα binding in PBMCs derived from RRMS patients during T3 and pp. At RORC promoter, ERα binding is higher during T3 and correlates with a higher H3K27me3 and a lower H3K4me3 during T3. During pp, we observed an increment of ERα binding at RORC-associated enhancer, going on with higher H3K4me1 and H3K27ac enrichment (Figure 4E). ERα binding at FOXP3 promoter and enhancers is higher in T3 compared with pp. This goes along with H3K4me3 increment at the promoter and H3K4me1 and H3K27ac enrichment at the enhancers of FOXP3 during T3 compared with pp. Simultaneously, the fall of ERα binding during pp is associated with a higher H3K27me3 enrichment at FOXP3 promoter (Figure 4F). None of these epigenetic changes occurs at RORC (Figure 4G) and FOXP3 (Figure 4H) CSRs in PBMCs derived from HD. These results suggest a MS specific epigenetic profile characterized by activation of FOXP3 CSRs and inactivation of RORC CSRs during T3 and by the activation of RORC CSRs and the inactivation of FOXP3 CSRs during the pp.

To better clarify in which cell type these epigenetic variations occur, we tested the epigenetic changes in all the selected FOXP3 and RORC CSRs in purified Th17 and Treg cells from 6 RRMS pregnant patients during T3 and pp. In purified Th17 cells, we observed an enrichment of H3K4me3 at RORC promoter and H3K4me1 at the enhancer in the pp suggesting activation of RORC (Figure 5A). Surprisingly, we observed the same epigenetic variations at RORC locus in purified Treg cells (Figure 5A). In this subtype, the enrichment of H3K4me1, H3K27ac, and a higher ERα binding at FOXP3 enhancers were observed during T3, whereas H3K27me3 level at FOXP3 promoter increase in the pp, indicating activation of FOXP3 during T3 and its inactivation during pp (Figure 5B). The activation of FOXP3 during T3 correlates with higher binding of ERα at FOXP3 enhancers. Once again, the same variations were observed at FOXP3 locus in Th17 cells (Figure 5B). The observation of the same epigenetic variation in both Th17 and Treg cells suggest a mutual plasticity of these cells that could be regulated mainly by estrogens.
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FIGURE 5. Epigenetic changes at FOXP3 and RORC loci in Treg and Th17 purified from MS patients during pregnancy. ChIP-qPCR analysis of H3K4me3, H3K27me3, H3K4me1, H3K27ac, and ERα binding performed at RORC- (A) and FOXP3-CSRs (B) in Th17 (red) and Treg (blu) cells, derived from MS patients during third trimester of pregnancy T3 (filled texture) and during the post-partum pp (squared texture) phase. Boxes, with mean, minimum and maximum, represent the enrichment of the immunoprecipitation over non-specific IgG and normalized for input chromatin. *p < 0.05 and **p < 0.01 represent the statistical significance.



Overall, epigenetic analysis of PBMCs and purified Th17 and Treg cells indicate that FOXP3 CSRs were activated while RORC CSRs were inactivated during T3 of RRMS patients.

DISCUSSION

Despite the numerous evidence that estrogen has beneficial effects on the clinical signs of MS and EAE and the emerging results of which are E2-responsive target cells in the EAE (10, 48, 49), little is known about the molecular signaling above E2. In this study, we identified a peculiar epigenetic profile of Th17 and Treg cells of MS during pregnancy that could be associated to ERα activation. ERα expression and signaling in encephalitogenic CD4+ T cells was reported to be required for sustained EAE protection (10). Here, we show that RRMS CD4+ T cells, and in particular Th17 cells, express higher levels of ERα, making them supposedly more responsive to estrogen level variations. This could be considered a peculiar characteristic of pathogenic Th17 cells of MS patients that, as broadly demonstrated, display a typical expression of cytokines, chemokines, transcription factors and membrane receptors that are characteristics of pathogenic Th17 cells but not of Th17 cells involved in the response to pathogens (50). In the EAE model, Th17 cells were shown to be a target for E2 that resulted in the inhibition of encephalitogenic Th17 cells expansion (51); the mechanisms of this anti-inflammatory effects of E2 involved both by a direct action on Th17 cells (10) and the expansion of Treg cells (13, 15), induction of tolerogenic dendritic cells and recently, regulatory B cells (52). Similar to the EAE model and previous MS studies (53, 54), here we show that in the T3 of pregnancy, where estrogens reach the highest levels, Th17 cells strongly decreased, whereas Treg cells increased; such results could be indicative of a less inflammatory environment in MS patients during pregnancy.

From clinical point of view, pregnancy is accepted to be a period in which relapses decrease significantly, especially in the third trimester as explored in several clinical studies (6, 7, 55, 56). From an immunological point of view, Immune system is not the main target for sex hormones, however the high level of estrogens during pregnancy exerts its role on immune system adaptation contributing to immunotolerance, such as hematopoietic and Treg cells proliferation (57, 58). On the contrary, the postpartum phase is characterized by a strong drop in estrogens level, with immunomodulation lost (59). These two phases represent a unique opportunity for comparison, as pregnancy maximizes the immune cell subtypes differences between third trimester and post-partum resembling, respectively, remission and relapse phases of MS disease. Pregnancy immunotolerance in MS, with a dominance of Treg cells over Th17 cells respect to postpartum is associated with the physiological immunotolerance (53, 60).

Although Th17 and Treg cells represent two CD4+ T cell subsets with opposing principal functions, these cell types are functionally connected; for example, TGF-β links the development of Th17 cells to that of Treg cells: TGF-β indeed induces the differentiation of Treg cells but in combination with IL-6 or IL-21 promotes the induction of Th17 cells and inhibit Treg cells differentiation (61). At the molecular level, FOXP3, the master regulator TF of Treg cells, could bind physically to RORC, the master regulator TF of Th17 cells, to antagonize its function (62). Furthermore, other factors, such as retinoic acid (RA), aryl hydrocarbon receptor (AHR) or hypoxia inducible factor 1α (HIF-1α) can regulate the balance between Th17 and Treg cells (63). Plasticity has been observed between both antagonistic cell type: Th17-like Treg cells, i.e., FoxP3 Treg cells also expressing IL-17, has been reported (64, 65) and seems to depend on epigenetic modifications (66). The role of the chromatin landscape is indeed important in the context of TF action and cellular plasticity, as the chromatin state deeply influences TF binding. Here, by using a bioinformatics integrative approach, we selected the putative genomic regulatory regions that may be a target for ERα signaling in the epigenetic control. The observation that the same epigenetic variation occurs in both purified Th17 and Treg cells suggests a mutual plasticity of these cells that could be regulated mainly by estrogens.

ERα cistrome has been extensively studied in breast and endometrium: genome wide data sequencing of ERα binding, integrated with epigenetic marks and chromatin long range interactions data allow for the prediction of ERα action. One of the most important results derived from integrative analysis in breast cancer experimental models is that EREs and ERα binding are enriched at SEs (67). Furthermore, the crosstalk between ERα and inflammatory signaling plays a role in the endocrine resistance of breast carcinoma. ERα phosphorylation and cofactor recruitment by cytokine stimulation induces a constitutive ERα-dependent activation of gene expression and proliferation that is involved in cancer progression and resistance to endocrine therapy (68, 69). ERα, bound to DNA at distal genomic regulatory regions of target genes, interacts with transcription factors and recruits coactivators or corepressors that mediate the association with enzymes able to remodel chromatin (70). Orchestrating chromatin architecture, ERα may mediate epigenetic modifications at chromatin hubs in CD4+ T cells, influencing their differentiation and plasticity, as well as it does in its main target tissues. On this way, ERα may act as cooperative transcription factor in T cell epigenome dynamics for the environment adaptation (71).

Next Generation Sequencing data allow the capture of different -omics information, and multilevel studies integration can provide an upgrade of knowledge about immune system cells. Integrative data analysis confers novel functions to specific genomic regions that are hubs of gene regulatory circuitry by recruiting transcriptional complexes. Molecular mechanisms underlying transcriptional regulation guided our integrative analysis of epigenomic and transcriptomic data. On these bases, we reconstructed a regulatory network in human Th17 and Treg cells, highlighting CSR-associated TFs that cooperate for cell identity determination. Network reconstruction has already been explored in Th17 mouse cells combining -omics data integration with KO or innovative perturbation tools (23, 72). Recently, even single-cell RNA-Seq has been used to investigate molecular mechanisms governing heterogeneity and pathogenicity of Th17 cells (73). Regarding Treg cells, network analysis approach has, to date, never been explored.

Concerning Th17 cells, our core regulatory network shows similarities with previously mentioned mouse networks. The three upregulated TFs that stand out from our network are RORC, MAF, and HSF4. RORC is the master regulator of the Th17 lineage. It has yet been shown that E2 recruits a repressor on RORC promoter EREs via ERα, thus inhibiting RORC expression and Th17 differentiation (48). The role of MAF in Th cells and autoimmunity has been extensively explored. Gustafsson et al. proposed MAF, together with GATA3 and MYB as early regulators of T cell–associated diseases (74). These TFs are enriched in autoimmunity-associated polymorphisms and DE between Th1 and Th2 subtypes at early stages of differentiation. In addition, they show DE of splice variants during asymptomatic and symptomatic stages of seasonal allergic rhinitis. A MAF-associated long intergenic non-coding RNA (linc)-MAF-4 regulates MAF transcription by exploiting a chromosome loop with the promoter of MAF and its expression shift Th cells differentiation alternately toward Th1 or Th2 subtype (35). c-MAF was also identified in the complex network of TFs regulating Th17 cells as fundamental for the development of memory Th17 cells (75). HSF4 is one of the heat shock transcription factors that are involved in the suppressive function and cytokine production of Treg cells (76).

Concerning Treg cells, the comparison with literature highlighted some known Treg specific TFs, such as FOXP3, IKZF2, and IKZF4. FOXP3 is the master regulator of Treg cell identity and regulates Ikaros family members, such as IKZF2-4 (77), characterized as DNA binding proteins containing two zinc finger N-terminal domains (highly conserved) and protein binding domain (C-terminal). IKZF2, called Helios, is highly expressed in Treg cells and, by binding at its promoter, upregulates FoxP3 expression. Recently, lower Helios expression was detected in Treg cells from clinically isolated syndrome patients suggesting a less regulatory function (78). IKZF4, called Eos, facilitates FOXP3-mediated gene silencing in Treg cells (79).

Genes that are associated with Treg-CSRs belonged to GO categories related with chromatin remodeling and metabolic processes. The link between core regulatory regions with cluster of genes, that control cell metabolism, open a suggestive view of Treg plasticity dependent on metabolic shift. Indeed, Treg cells exhibit unique metabolic activities, characterized by low to modest glycolysis and elevated mechanistic target of rapamycin activity and nutrient metabolism, and these Treg-intrinsic metabolic pathways program Treg generation and activity. Treg cells have their own signaling and metabolic “preferences” that can drive and dictate their function and stability (80). Even more interestingly, genes associated with Th17-CSRs belonged to GO categories related with regulation and activation of immune response. This result perfectly matches with Th17 specific functions.

Here we focused our attention on CSRs associated with RORC and FOXP3, lineage- determining transcription factors that play a critical role in Th17 and Treg cell fate. Selected RORC associated CSRs included its promoter and an associated enhancer. RORC promoter was included in our analysis because of its biological relevance in transcriptional regulation of RORC. FOXP3-CSRs, instead, partially overlapped with conserved non-coding sequences (CNS). Foxp3-CNSs are three intronic enhancers identified at Foxp3 gene locus, important for Treg cell. Epigenetic modifications at these regulatory regions are associated with Treg differentiation and functions (47). We found that RORC-CSRs and FOXP3-CSRs are ERα target in human PBMCs under Th17 polarization conditions and in PBMCs, Treg, and Th17 from MS patients. During Th17 polarization in presence of E2, we observed the enrichment of ERα binding at FOXP3-CSRs and at RORC-CSRs; these data go along with the enrichment of active marks at FOXP3-CSRs and repressive marks at RORC promoter, and with the enhanced FOXP3 and reduced RORC expression. These epigenetic changes overlap with those that occur in PBMCs, and in purified Th17 and Treg cells during T3 in MS patients, where E2 reaches the highest levels. Altogether, these data suggest that ERα may induce chromatin remodeling by acting in opposite manners at two different loci (81). This effect could be ascribed to the recruitment of the different proteins in the regulatory complexes that may involve ERα as a key player for the switch between Th17 and Treg cells (23). It is plausible that during pregnancy, the gradual and continuous exposure to high levels of estrogen, can act both in the prevention of differentiation or in transdifferentiation processes.

Of particular interest was the observation that epigenetic modifications on RORC and FOXP3 loci occurs, not only at their promoters, but also at their enhancers. Studies aimed at the pharmacological targeting of epigenetic mechanisms made the exciting observation that SEs are particularly vulnerable to various inhibitors of transcriptional activation (82–84). Indeed, treating human CD4+ T cells from healthy controls with the JAK inhibitor tofacitinib selectively targeted rheumatoid arthritis risk genes controlled by SEs (85), while exposure of CD4+ T cells from Juvenile idiopathic arthritis (JIA) patients to the BET protein inhibitor JQ1 preferentially inhibited JIA-specific super-enhancer driven gene expression. BET protein inhibition was also shown to selectively block human Th17 differentiation and protect mice from experimentally induced autoimmunity (86). The identified SE at RORC and FOXP3 together with other TF identified in our analysis need to be deeply investigated and could be used, in the future, as “epigenetic drugs” for MS disease.

Important limitations of this study include the small amount of Th17 and Treg cell samples derived from MS patients during pregnancy. Our results show that Th17 cells percentage during pregnancy is reduced respect to MS active state and this is a peculiar feature of MS disease because higher Th17 cells levels mark the pathological condition and are instead absent in healthy donor, as we previously showed (3). Treg cells percentage increased in both MS patients and healthy donors during pregnancy, respect to non-pregnant state. Our results were expected for flow cytometry analysis, in addition we performed histone marks analysis at the FOXP3 genomic regulatory regions, partially overlapped with CNS regions associated with autoimmunity (47). Treg cell features in MS patients are associated with proliferation rate and cytokines expression dysregulation, and these alterations can emerge during pregnancy (87–89). We found that epigenetic modifications in pregnancy changed between T3 respect to PP in MS patients, but not in healthy donors. These results not completely explain the difference observed for Th17 and Treg cell levels. To address this point further analyses are necessary; single cell data- sequencing approach could reveal pathological state features linking surface- antigen makers with genomic, epigenetic and gene expression profiles.

In summary, here, we show that Th17 and Treg cells from pregnant MS patients have a peculiar epigenetic profile that could be associated with ERα-mediated estrogen effects. Pregnancy and autoimmunity are, indeed, challenging situations for the immune system. Treg and Th17 cells play a dominant role in both, although with opposing profiles: Treg cells activation ensures pregnancy success; in parallel, Th17 cells are important players in the development and progression of autoimmune diseases such as MS. Therefore, pregnancy condition mimics the pathological change of the balance between Treg and Th17 cells that occurs during relapsing- remitting disease course. This study offers an initial molecular understanding of the regulatory mechanisms ensuing during pregnancy and the identified CSRs may represent potential biomarkers for monitoring disease activity and progression or new potential therapeutic targets.

ETHICS STATEMENT

Comitato etico interaziendale A.O.U. San Luigi Gonzaga. Prof. Francesco Di Carlo (presidente). Studio osservazionale Identificazione di nuovi marcatori epigenetici per seguire il decorso della sclerosi multipla.

AUTHOR CONTRIBUTIONS

MC and SaC designed the study and interpreted the data. AI, AlM, and MD performed and analyzed molecular biology experiments. SR, VB, II, and FN performed and analyzed immunological experiments. AlM, GF, and FC performed bioinformatic analysis. MC, SD, and LD, Torino/Brescia/Napoli groups provided patients samples, collected and analyzed the clinical data. AI, SR, and AV contributed to write and revise the manuscript, SaC and MC wrote the manuscript. MC, SD, LD, SiC, TT, MT, CC, GP, AnM, RL, VBM, and LD, Torino/Brescia/Napoli groups provided patients samples, collected and analyzed the clinical data.

FUNDING

This study was supported by Research was supported by Italian MURST (PRIN Grant20109MXHMR_005) (SaC and MD), Local University of Torino 2015–2017 Research funding (SaC and MD) and Merck Serono S.p.A., an affiliate of Merck KGaA, Darmstadt, Germany.

ACKNOWLEDGMENTS

We would like to thank our patients for donating samples, without which this research would not be possible.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2018.03075/full#supplementary-material

REFERENCES

 1. Compston A, Coles A. Multiple sclerosis. Lancet (2008) 372:1502–17. doi: 10.1016/S0140-6736(08)61620-7

 2. Orton SM, Herrera BM, Yee IM, Valdar W, Ramagopalan SV, Sadovnick AD, et al. Sex ratio of multiple sclerosis in Canada: a longitudinal study. Lancet Neurol. (2006) 5:932–6. doi: 10.1016/S1474-4422(06)70581-6

 3. Durelli L, Conti L, Clerico M, Boselli D, Contessa G, Ripellino P, et al. T-helper 17 cells expand in multiple sclerosis and are inhibited by interferon-beta. Ann Neurol. (2009) 65:499–509. doi: 10.1002/ana.21652

 4. Becher B, Segal BM. T H17 cytokines in autoimmune neuro-inflammation Curr Opin Immunol. (2011) 23:707–12. doi: 10.1016/j.coi.2011.08.005

 5. Viglietta V, Baecher-Allan C, Weiner HL, Hafler DA. Loss of functional suppression by CD4+CD25+ regulatory T cells in patients with multiple sclerosis. J Exp Med. (2004) 199:971–9. doi: 10.1084/jem.20031579

 6. Confavreux C, Hutchinson M, Hours MM, Cortinovis-Tourniaire P, Moreau T. Rate of pregnancy-related relapse in multiple sclerosis. N Engl J Med. (1998) 339:285–91. doi: 10.1056/NEJM199807303390501

 7. Vukusic S, Hutchinson M, Hours M, Moreau T, Cortinovis-Tourniaire P, Adeleine P, et al. Erratum: pregnancy and multiple sclerosis (the PRIMS study) - clinical predictors of post-partum relapse. Brain 127:1353–60. doi: 10.1093/brain/awh152

 8. Khan D, Cowan C, Ahmed SA. Estrogen and signaling in the cells of immune system, Adv. Neuroimmune Biol. (2012) 3:73–93. doi: 10.3233/NIB-2012-012039

 9. Phiel KL, Henderson RA, Adelman SJ, Elloso MM. Differential estrogen receptor gene expression in human peripheral blood mononuclear cell populations. Immunol Lett. (2005) 97:107–13. doi: 10.1016/j.imlet.2004.10.007

 10. Lélu K, Laffont S, Delpy LP, Paulet E, Périnat T, Tschanz SA, et al. Estrogen receptor α signaling in T lymphocytes is required for estradiol-mediated inhibition of Th1 and Th17 cell differentiation and protection against experimental autoimmune encephalomyelitis. J Immunol. (2011) 187:2386–93. doi: 10.4049/jimmunol.1101578

 11. Polanczyk M, Zamora A, Subramanian S, Matejuk A, Hess DL, Blankenhorn EP, et al. The protective effect of 17beta-estradiol on experimental autoimmune encephalomyelitis is mediated through estrogen receptor-alpha. Am J Pathol. (2003) 163:1599–605. doi: 10.1016/S0002-9440(10)63516-X

 12. Liu H, Loo KK, Palaszynski K, Ashouri J, Lubahn DB, Voskuhl RR. Estrogen receptor alpha mediates estrogen's immune protection in autoimmune disease. J Immunol. (2003) 171:6936–40. doi: 10.4049/jimmunol.171.12.6936

 13. Wang C, Dehghani B, Li Y, Kaler LJ, Vandenbark AA, Offner H. Oestrogen modulates experimental autoimmune encephalomyelitis and interleukin-17 production via programmed death 1. Immunology (2009) 126:329–35. doi: 10.1111/j.1365-2567.2008.03051.x

 14. Pettersson A, Ciumas C, Chirsky V, Link H, Huang YM, Xiao BG. Dendritic cells exposed to estrogen in vitro exhibit therapeutic effects in ongoing experimental allergic encephalomyelitis. J Neuroimmunol. (2004) 156:58–65. doi: 10.1016/j.jneuroim.2004.07.004

 15. Polanczyk MJ, Carson BD, Subramanian S, Afentoulis MA, Vandenbark A, Ziegler SF, et al. Cutting edge: estrogen drives expansion of the CD4+CD25+ regulatory T cell compartment. J Immunol. (2004) 173:2227–30. doi: 10.4049/jimmunol.173.4.2227

 16. Sicotte NL, Liva SM, Klutch R, Pfeiffer P, Bouvier S, Odesa S, et al. Treatment of multiple sclerosis with the pregnancy hormone estriol. Ann Neurol. (2002) 52:421–8. doi: 10.1002/ana.10301

 17. Soldan SS, Retuerto A I. A, Sicotte NL, Voskuhl RR. Immune Modulation in Multiple Sclerosis patients treated with the pregnancy hormone estriol. J Immunol. (2003) 171:6267–74. doi: 10.4049/jimmunol.171.11.6267

 18. Gold SM, Voskuhl RR. Estrogen treatment in multiple sclerosis. J Neurol Sci. (2009) 286:99–103. doi: 10.1016/j.jns.2009.05.028

 19. Zhu J, Yamane H, Paul WE. Differentiation of effector CD4 T cell populations. Annu Rev Immunol. (2010) 28:445–89. doi: 10.1146/annurev-immunol-030409-101212

 20. Noack M, Miossec P. Th17 and regulatory T cell balance in autoimmune and inflammatory diseases. Autoimmun Rev. (2014) 13:668–77. doi: 10.1016/j.autrev.2013.12.004

 21. Wei G, Wei L, Zhu J, Zang C, Hu-Li J, Yao Z, et al. Global mapping of H3K4me3 and H3K27me3 reveals specificity and plasticity in lineage fate determination of differentiating CD4+ T Cells. Immunity (2009) 30:155–67. doi: 10.1016/j.immuni.2008.12.009

 22. Dupage M, Bluestone JA. Harnessing the plasticity of CD4+ T cells to treat immune-mediated disease. Nat. Rev. Immunol. (2016) 16:149–63. doi: 10.1038/nri.2015.18

 23. Yosef N, Shalek AK, Gaublomme JT, Jin H, Lee Y, Awasthi A, et al. Dynamic regulatory network controlling TH17 cell differentiation. Nature (2013) 496:461–8. doi: 10.1038/nature11981

 24. Hnisz D, Abraham BJ, Lee TI, Lau A, Saint-André V, Sigova AA, et al. Super-enhancers in the control of cell identity and disease. Cell (2013) 155:934–47. doi: 10.1016/j.cell.2013.09.053

 25. Pott S, Lieb JD. What are super-enhancers? Nat Genet. (2014) 47:8–12. doi: 10.1038/ng.3167

 26. Whyte WA, Orlando DA, Hnisz D, Abraham BJ, Lin CY, Kagey MH, et al. Master transcription factors and mediator establish super-enhancers at key cell identity genes. Cell (2013) 153:307–19. doi: 10.1016/j.cell.2013.03.035

 27. Ernst J, Kellis M. Large-scale imputation of epigenomic datasets for systematic annotation of diverse human tissues. Nat Biotechnol. (2015) 33:364–76. doi: 10.1038/nbt.3157

 28. Winter DR, Jung S, Amit I. Making the case for chromatin profiling: a new tool to investigate the immune-regulatory landscape Nat Rev Immunol. (2015) 15:585–94. doi: 10.1038/nri3884

 29. Ostuni R, Piccolo V, Barozzi I, Polletti S, Termanini A, Bonifacio S, et al. Latent enhancers activated by stimulation in differentiated cells. Cell (2013) 152:157–71. doi: 10.1016/j.cell.2012.12.018

 30. Zhang Y, Liu T, Meyer CA, Eeckhoute G, Johnson DS, Bernstein BE, et al. Model-based analysis of ChIP-Seq (MACS). Genome Biol. (2008) 9:R137. doi: 10.1186/gb-2008-9-9-r137

 31. Li MJ, Liu Z, Wang P, Wong MP, Nelson MR, Kocher JP, et al. GWASdb v2: an update database for human genetic variants identified by genome wide associations studies. Nucleic Acids Res. (2016) 4:D869–76. doi: 10.1093/nar/gkv1317

 32. Roadmap Epigenomics Consortium, Kundaje A, Meuleman W, Ernst J, Bilenky M, Yen A, et al. Integrative analysis of 111 reference human epigenomes. Nature (2015) 518:317–29. doi: 10.1038/nature14248

 33. Qinlan AR, Hall TM. BEDTools: a flexible suite of utilities for comparing genomic features. Bioinformatics (2010) 26:841–2. doi: 10.1093/bioinformatics/btq033

 34. McLean CY, Bristor D, Hiller M, Clarke SL, Schaar BT, Lowe CB, et al. GREAT improves functional interpretation of cis-regulatory regions. Nat Biotechnol. (2010) 284:495–501. doi: 10.1038/nbt.1630

 35. Ranzani V, Rossetti G, Panzeri I, Arrigoni A, Bonnal RJP, Curti S, et al. The long intergenic noncoding RNA landscape of human lymphocytes highlights the regulation of T cell differentiation by linc-MAF-4. Nat Immunol. (2015) 163:318–25. doi: 10.1038/ni.3093

 36. Kim D, Pertea G, Trapnell C, Pimentel H, Kelley R, Salzberg SL. TopHat2: accurate alignment of transcriptomes in the presence of insertions, deletions and gene fusions. Genome Biol. (2013) 14:R36. doi: 10.1186/gb-2013-14-4-r36

 37. Liao Y, Smyth GK, Shi W. FeatureCounts: an efficient general purpose program for assigning sequence reads to genomic features. Bioinformatics (2014) 309:923–930. doi: 10.1093/bioinformatics/btt656

 38. Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. (2014) 15:550. doi: 10.1186/s13059-014-0550-8

 39. Grant CE, Bailey TL, Noble WS. FIMO: Scanning for occurrences of a given motif, Bioinformatics (2011) 271:1017–8. doi: 10.1093/bioinformatics/btr064

 40. Zhang HM, Liu T, Liu CJ, Song S, Zhang X, Liu W, et al. AnimalTFDB 2.0: a resource for expression, prediction and functional study of animal transcription factors. Nucleic Acids Res. (2015) 43:D76–81. doi: 10.1093/nar/gku887

 41. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et al. Cytoscape: a software Environment for integrated models of biomolecular interaction networks. Genome Res. (2003) 132:2498–504. doi: 10.1101/gr.1239303

 42. Doncheva NT, Assenov Y, Domingues FS, Albrecht M. Topological analysis and interactive visualization of biological networks and protein structures. Nat Protoc. (2012) 76:670–85. doi: 10.1038/nprot.2012.004

 43. Borgoni S, Iannello A, Cutrupi S, Allavena P, D'Incalci M, Novelli F, et al. Depletion of tumor-associated macrophages switches the epigenetic profile of pancreatic cancer infiltrating T cells and restores their anti-tumor phenotype. Oncoimmunology (2018) 7:e1393596. doi: 10.1080/2162402X.2017.1393596

 44. Ernst J, Kellis M. ChromHMM: automating chromatin-state discovery and characterization. Nat Methods (2012) 9:215–6. doi: 10.1038/nmeth.1906

 45. Creyghton MP, Cheng AW, Welstead GG, Kooistra T, Carey BW, Steine EJ, et al. Histone H3K27ac separates active from poised enhancers and predicts developmental state. Proc Natl Acad Sci USA. (2010) 1072:21931–6. doi: 10.1073/pnas.1016071107

 46. Lin CY, Erkek S, Tong Y, Yin L, Federation AJ, Zapatka M, et al. Active medulloblastoma enhancers reveal subgroup-specific cellular origins. Nature (2016) 5305:57–62. doi: 10.1038/nature16546

 47. Zheng Y, Josefowicz S, Chaudhry A, Peng XP, Forbush K, Rudensky AY. Role of conserved non-coding DNA elements in the Foxp3 gene in regulatory T-cell fate. Nature (2010) 4638:808–12. doi: 10.1038/nature08750

 48. Chen R-Y, Fan MY, Zhang Q, Liu S, Li Q, Ke G-L, et al. Estradiol inhibits Th17 cell differentiation through inhibition of RORγT transcription by recruiting the ERα/REA complex to estrogen response elements of the RORγT promoter. J Immunol. (2015) 1944:4019–28. doi: 10.4049/jimmunol.1400806

 49. Offner H, Polanczyk M. A potential role for estrogen in experimental autoimmune encephalomyelitis and multiple sclerosis. Ann NY Acad Sci. (2006) 1089:343–72. doi: 10.1196/annals.1386.021

 50. Stadhouders R, Lubberts E, Hendriks RW. A cellular and molecular view of T helper 17 cell plasticity in autoimmunity, Autoimmun J. (2017) 87:1–15. doi: 10.1016/j.jaut.2017.12.007

 51. Guéry J-C, Lélu K, Laffont S, Garnier L. Estrogen-mediated protection of experimental autoimmune encephalomyelitis: lessons from the dissection of estrogen receptor-signaling in vivo. Biomed J. (2015) 381:94. doi: 10.4103/2319-4170.158509

 52. Bodhankar S, Wang C, Vandenbark AA, Offner H. Estrogen-induced protection against experimental autoimmune encephalomyelitis is abrogated in the absence of B cells. Eur J Immunol. (2011) 411:1165–75. doi: 10.1002/eji.201040992

 53. Sánchez-Ramón S, Navarro J, Aristimuño C, Rodríguez-Mahou M, Bellón JM, Fernández-Cruz E, et al. Pregnancy-induced expansion of regulatory T-lymphocytes may mediate protection to multiple sclerosis activity. Immunol Lett. (2005) 961:195–201. doi: 10.1016/j.imlet.2004.09.004

 54. Neuteboom RF, Verbraak E, Wierenga-Wolf AF, Van Meurs M, Steegers EAP, De Groot CJM, et al. Pregnancy-induced fluctuations in functional T-cell subsets in multiple sclerosis patients, Mult Scler. (2010) 161:1073–8. doi: 10.1177/1352458510373939

 55. Finkelsztejn A, Brooks JB, Paschoal FM Jr, Fragoso YD. What can we really tell women with multiple sclerosis regarding pregnancy? a systematic review and metaanalysis of the literature. BJOG (2011) 118:790–7. doi: 10.1111/j.1471-0528.2011.02931.x

 56. Hughes SE, Spelman T, Gray OM, Boz C, Trojano M, Lugaresi A, et al. Predictors and dynamics of postpartum relapses in women with multiple sclerosis. Mult Scler. (2014) 20:739–46. doi: 10.1177/1352458513507816

 57. Prieto GA, Yvonne R. Oestradiol potentiates the suppressive function of human CD4+ CD25+ regulatory T cells by promoting their proliferation. Immunology (2006) 118:58–65. doi: 10.1111/j.1365-2567.2006.02339.x

 58. Nakada D, Oguro H, Levi BP, Ryan N, Kitano A, Saitoh Y, et al. Oestrogen increases haematopoietic stem-cell self-renewal in females and during pregnancy. Nature (2014) 505:555–8. doi: 10.1038/nature12932

 59. Patas K, Broder Engler J, Friese MA, Gold SM Pregnancy and multiple sclerosis: feto-maternal immune cross talk and its implications for disease activity. J. Reprod. Immunol. (2013) 971:140–146. doi: 10.1016/j.jri.2012.10.005

 60. Santner-Nanan B, Peek MJ, Khanam R, Richarts L, Zhu E, Fazekas B, et al. Systematic increase in the ratio between Foxp3+ and IL-17 producing CD4+ T cells in healthy pregnancy but not in preeclampsia. J Immunol. (2018) 183:7023–30. doi: 10.4049/jimmunol.0901154

 61. Korn T, Bettelli E, Oukka M, Kuchroo VK. IL-17 and Th17 Cells. Annu Rev Immunol. (2009) 274:585–517. doi: 10.1146/annurev.immunol.021908.132710

 62. Zhou L, Lopes JE, Chong MMW, Ivanov II, Min R, Victora GD, et al. TGF-beta-induced Foxp3 inhibits T(H)17 cell differentiation by antagonizing RORgammat function. Nature (2008) 4532:36–40. doi: 10.1038/nature06878

 63. Kleinewietfeld M, Hafler DA. The plasticity of human Treg and Th17 cells and its role in autoimmunity. Semin Immunol. (2013) 253:305–12. doi: 10.1016/j.smim.2013.10.009

 64. Voo KS, Wang Y-H, Santori FR, Boggiano C, Wang Y-H, Arima K, et al. Identification of IL-17-producing FOXP3+ regulatory T cells in humans. Proc Natl Acad Sci USA. (2009) 1064:793–8. doi: 10.1073/pnas.0900408106

 65. Ayyoub M, Deknuydt F, Raimbaud I, Dousset C, Leveque L, Bioley G, et al. Human memory FOXP3+ Tregs secrete IL-17 ex vivo and constitutively express the TH17 lineage-specific transcription factor ROR t. Proc Natl Acad Sci USA. (2009) 1068:8635–40. doi: 10.1073/pnas.0900621106

 66. Koenen HJPM, Smeets RL, Vink PM, van Rijssen E, Boots AMH, Joosten I. Human CD25highFoxp3pos regulatory T cells differentiate into IL-17-producing cells. Blood (2008) 1122:340–52. doi: 10.1182/blood-2008-01-133967

 67. Bojcsuk D, Nagy G, Balint BL. Inducible super-enhancers are organized based on canonical signal-specific transcription factor binding elements. Nucleic Acids Res. (2017) 453:3693–706. doi: 10.1093/nar/gkw128

 68. Cutrupi S, Reineri S, Panetto A, Grosso E, Caizzi L, Ricci L, et al. Targeting of the adaptor protein Tab2 as a novel approach to revert tamoxifen resistance in breast cancer cells. Oncogene (2012) 314:4353–61. doi: 10.1038/onc.2011.627

 69. Stender JD, Nwachukwu JC, Kastrati I, Kim Y, Strid T, Yakir M, et al. Structural and molecular mechanisms of cytokine-mediated endocrine resistance in human breast cancer cells. Mol Cell (2017) 651:1122–35.e5. doi: 10.1016/j.molcel.2017.02.008

 70. Le Dily F, Beato M. Signaling by steroid hormones in the 3d nuclear space. Int J Mol Sci. (2018) 19:E306. doi: 10.3390/ijms19020306

 71. Schmidl C, Delacher M, Huehn J, Feuerer M. Epigenetic mechanisms regulating T-cell responses. J Allergy Clin Immunol. (2018) 142:728–43. doi: 10.1016/j.jaci.2018.07.014

 72. Ciofani M, Madar A, Galan C, Sellars M, MacE K, Pauli F, et al. A validated regulatory network for Th17 cell specification Cell (2012) 1512:389–03. doi: 10.1016/j.cell.2012.09.016

 73. Gaublomme JT, Yosef N, Lee Y, Gertner RS, Yang LV, Wu C, et al. Single-Cell Genomics Unveils Critical Regulators of Th17 Cell Pathogenicity. Cell (2015) 1631:1400–12. doi: 10.1016/j.cell.2015.11.009

 74. Gustafsson M, Gawel DR, Alfredsson L, Baranzini S, Bjorkander J, Blomgran R, et al. A validated gene regulatory network and GWAS identifies early regulators of T cell-associated diseases. Sci Transl Med. (2015) 7:313ra178. doi: 10.1126/scitranslmed.aad2722

 75. Sato K, Miyoshi F, Yokota K, Araki Y, Asanuma Y, Akiyama Y, et al. Marked induction of c-Maf protein during Th17 cell differentiation and its implication in memory Th cell development. J Biol Chem. (2011) 2861:14963–71. doi: 10.1074/jbc.M111.218867

 76. Brenu EW, Staines DR, Tajouri L, Huth T, Ashton KJ, Marshall-Gradisnik SM. Heat shock proteins and regulatory T cells. Autoimmune Dis. (2013) 2013:8. doi: 10.1155/2013/813256

 77. Nakagawa H, Sido JM, Reyes EE, Kiers V, Cantor H, Kim H-J. Instability of Helios-deficient Tregs is associated with conversion to a T-effector phenotype and enhanced antitumor immunity. Proc Natl Acad Sci USA. (2016) 1136:6248–53. doi: 10.1073/pnas.1604765113

 78. Jones AP, Trend S, Byrne SN, Fabis-Pedrini MJ, Geldenhuys S, Nolan D, et al. Altered regulatory T-cell fractions and Helios expression in clinically isolated syndrome: clues to the development of multiple sclerosis. Clin Transl Immunol. (2017) 6:e143. doi: 10.1038/cti.2017.18

 79. Pan F, Yu H, Dang EV, Barbi J, Pan X, Grosso JF, et al. Eos mediates foxp3-dependent gene silencing in CD4+ regulatory T cells. Science (2009) 3251:1142–6. doi: 10.1126/science.1176077

 80. Newton R, Priyadharshini B, Turka LA. Immunometabolism of regulatory T cells. Nat Immunol. (2016) 176:618–25. doi: 10.1038/ni.3466

 81. Magnani L, Lupien M. Chromatin and epigenetic determinants of estrogen receptor alpha (ESR1) signaling, Mol Cell Endocrinol. (2014) 3826:633–41. doi: 10.1016/j.mce.2013.04.026

 82. Lovén J, Hoke HA, Lin CY, Lau A, Orlando DA, Vakoc CR, et al. Selective inhibition of tumor oncogenes by disruption of super-enhancers. Cell (2013) 1533:320–34. doi: 10.1016/j.cell.2013.03.036

 83. Chapuy B, McKeown MR, Lin CY, Monti S, Roemer MGM, Qi J, et al. Discovery and characterization of super-enhancer-associated dependencies in diffuse large b cell lymphoma. Cancer Cell (2013) 247:777–90. doi: 10.1016/j.ccr.2013.11.003

 84. Vahedi G, Kanno Y, Furumoto Y, Jiang K, Parker SCJ, Erdos MR, et al. Super-enhancers delineate disease-associated regulatory nodes in T cells. Nature (2015) 5205:558–62. doi: 10.1038/nature14154

 85. Peeters JGC, Vervoort SJ, Tan SC, Mijnheer G, de Roock S, Vastert SJ, et al. Inhibition of super-enhancer activity in autoinflammatory site-derived t cells reduces disease-associated gene expression. Cell Rep. (2015) 121:1986–96. doi: 10.1016/j.celrep.2015.08.046

 86. Mele DA, Salmeron A, Ghosh S, Huang H-R, Bryant BM, Lora JM. BET bromodomain inhibition suppresses T H 17-mediated pathology J Exp Med. (2013) 2102:2181–90. doi: 10.1084/jem.20130376

 87. Langer-Gould A, Gupta R, Huang S, Hagan A, Atkuri K, Leimpeter AD, et al. Interferon-γ producing T cells, pregnancy, and postpartum relapses of multiple sclerosis. Arch Neurol. (2010) 67:51–7. doi: 10.1001/archneurol.2009.304

 88. Carbone F, De Rosa B, Carrieri PB, Montella S, Bruzzese D, Porcellini A, et al. Regulatory T cell proliferative potential is impaired in human autoimmune disease. Nat Med. (2014) 20:69–74. doi: 10.1038/nm.3411

 89. Villani AC, Sarkizova S, Hacohen N. Systems Immunology: learning the rules of the immune system. Ann Rev Immunol. (2018) 36:813–42. doi: 10.1146/annurev-immunol-042617-053035

Conflict of Interest Statement: AV is employed by Merck Serono S.p.A.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Iannello, Rolla, Maglione, Ferrero, Bardina, Inaudi, De Mercanti, Novelli, D'Antuono, Cardaropoli, Todros, Turrini, Cordioli, Puorro, Marsili, Lanzillo, Brescia Morra, Cordero, De Bortoli, Durelli, Visconti, Cutrupi and Clerico. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fimmu-09-03075-g005.gif





OPS/images/fimmu-09-03075-t001.jpg
Clinical data HD RRMS
Mean age (years)? 323+74 349+4.7
Median EDSS before pregnancy - 2(1-65)
Median number of relapses before pregnancy 2(0-26)
Median number of relapses after delivery - 0(2-0)
Mean number of therapies before pregnancy - 144109

2pge at T3.





OPS/images/fimmu-09-03075-g003.gif





OPS/images/fimmu-09-03075-g004.gif





OPS/images/math_1.gif
1+ of times Nperwi = Nobs
1+ of permutations

p—value





OPS/images/fimmu-09-03075-g001.gif





OPS/images/fimmu-09-03075-g002.gif





OPS/images/cover.jpg
, frontiers
in Immunology

Pregnancy Epigenetic Signature in T
Helper 17 and T Regulatory Cells in
Multiple Sclerosis









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





