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TH1-mediated diseases such as multiple sclerosis (MS) and rheumatoid arthritis (RA) improve during pregnancy, coinciding with increasing levels of the pregnancy hormone progesterone (P4), highlighting P4 as a potential mediator of this immunomodulation. Here, we performed detailed characterization of how P4 affects the chromatin and transcriptomic landscape during early human TH1 differentiation, utilizing both ATAC-seq and RNA-seq. Time series analysis of the earlier events (0.5-24 hrs) during TH1 differentiation revealed that P4 counteracted many of the changes induced during normal differentiation, mainly by downregulating key regulatory genes and their upstream transcription factors (TFs) involved in the initial T-cell activation. Members of the AP-1 complex such as FOSL1, FOSL2, JUN and JUNB were particularly affected, in both in promoters and in distal regulatory elements. Moreover, the changes induced by P4 were significantly enriched for disease-associated changes related to both MS and RA, revealing several shared upstream TFs, where again JUN was highlighted to be of central importance. Our findings support an immune regulatory role for P4 during pregnancy by impeding T-cell activation, a crucial checkpoint during pregnancy and in T-cell mediated diseases, and a central event prior to T-cell lineage commitment. Indeed, P4 is emerging as a likely candidate involved in disease modulation during pregnancy and further studies evaluating P4 as a potential treatment option are needed.
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Introduction

T helper (TH) 1 cells, through the action of the signature cytokine IFN-γ, are crucial for defence against intracellular pathogens (1). However, inappropriate activation and aberrant regulation of TH1 responses can be detrimental and have been associated with autoimmune diseases like multiple sclerosis (MS) and rheumatoid arthritis (RA) (2, 3). Interestingly, TH1-mediated diseases are known to improve during pregnancy (4, 5) and the rising levels of the pregnancy hormone progesterone (P4) has been suggested to be involved in the disease modulation. Indeed, exposure of T cells to P4 has previously been shown to modulate TH1 responses, mainly through dampening of TH1-associated cytokine secretion (6–9). Furthermore, P4 has been shown to limit T cell activation and proliferation (10, 11), possibly impeding the action of autoreactive TH1 cells. A deeper understanding of how P4 influences TH1 activation and differentiation could provide further insights into its role in disease modulation during pregnancy and potential as a novel therapy in TH1-related autoimmune diseases.

TH1 differentiation, upon antigen recognition through the T cell receptor, is initiated by the actions of IL-12 and IFN-y through STAT1 and STAT4 signalling, which in turn leads to TH1 commitment by promoting the expression of TBX21, the master regulator of TH1 cells (12–14). TH1 differentiation involves an orchestrated, step-wise regulation of interactions between transcription factors (TFs) and genes. Although TFs are clearly vital players for the transcription of lineage-specific genes that drive the differentiation of one TH subset over the other, gene expression is more complex than the binding of a single TF to a single target DNA sequence. As the genome is packaged into chromatin, the relative accessibility of the chromatin also constitutes an important aspect of gene regulation (15, 16). Open chromatin allows for access of cis-regulatory elements like promotors and enhancers by the transcription machinery while closed chromatin regions prevent access and thereby transcription. Changes in the chromatin landscape, for example due to naturally occurring mutations, could prevent or promote chromatin interactions at TF binding sites, which in turn could promote pathogenic gene expression profiles, predisposing for autoimmune diseases. A deeper knowledge of the gene regulatory landscape underlying gene expression and cellular profiles is important for understanding disease pathogenesis. For this purpose, the assay for transposase-accessible chromatin using sequencing (ATAC-seq) has emerged as a powerful tool for investigating genome-wide chromatin accessibility profiling (17).

Here we performed ATAC-seq and RNA-seq on time series data during early TH1 differentiation in the absence or presence of P4 to define the chromatin and related transcriptomic changes underlying TH1 differentiation and how P4 affects the gene regulatory landscape of TH1 cells. A better understanding of the underlying processes involved in shaping TH1 cells are a pre-requisite for understanding diseases driven by these cells. Further, identifying factors, such as P4, that could potentially modulate this process could enable new treatment strategies of TH1-mediated diseases. This study expands on the previously known immune regulatory effects of P4, highlighting a potential role for P4 in TH1-mediated diseases that are known to improve during pregnancy when P4 levels are high.



Materials and Methods


Ethics Statement

Buffy coats were purchased from the blood bank facility at Linköping University Hospital, where the blood was collected from healthy donors. The blood donors had given written consent for research use (besides medical use) of the donated blood in accordance with the Declaration of Helsinki. Since blood donation is classified as a negligible risk to the donors and since only deidentified samples were delivered, the use of the samples does not require a specific ethical approval according to paragraph 4 of the Swedish law (2003∶460) on Ethical Conduct in Human Research.



Isolation of Naïve CD4+ T Cells

Venous blood was collected in buffy coats purchased from the blood bank at Linköping University Hospital from a total of 3 healthy female donors. Donors gave written informed consent for research use of the blood. Peripheral blood mononuclear cells (PBMCs) were then isolated by density gradient centrifugation with Lymphoprep™ (Axis Shields Diagnostics, Dundee, Scotland). Following washing in phosphate buffer saline (PBS), the PBMCs were resuspended in MACS buffer (PBS supplemented with fetal bovine serum (FBS, heat-inactivated; Gibco®, ThermoFisher Scientific, Waltham, Massachusetts, USA) and 2mM EDTA) and CD45RA+ CD4+ T cells were subsequently isolated with negative immunomagnetic selection using an LS column and a MidiMACS™ separator according to the instructions provided by the manufacturer for the “Naive CD4+ T cell Isolation Kit II, human (Miltenyi Biotec, Bergisch Gladbach, Germany).



Pre-Incubation With Progesterone

The isolated naïve CD4+ were cultured in 6-well TPP® tissue culture plates (Sigma-Aldrich, Saint Louis, MO, USA; 1 million cells/ml) and incubated overnight, 37°C and 5% CO2 with either mock treatment (cell culture media alone) or 50 µM P4 (water-soluble; Sigma Aldrich). After 24 hours, the cells were removed from the plates, centrifuged, and resuspended in fresh growth media.



TH1 Differentiation in the Absence or Presence of Progesterone

The pre-incubated cells were activated and differentiated towards TH1 using Dynabeads™ Human T-Activator CD3/CD28 (1 bead/cell) (Dynal AS, Lillestøm, Norway), 5 µg/ml recombinant human IL-12p70, 10 µg/ml recombinant human IL-2 and 5 mg/ml anti-IL-4 antibodies (clone MAB204; all from, Bio-Techne, Minneapolis, USA). P4 was added together with the activation and differentiation mixture to the cells pre-incubated with P4 cells. The cells were incubated at 37°C, with 5% CO2 in RPMI 1640 media containing L-glutamine, 10% FBS and 1% Penicillin/Streptomycin (all from Gibco®, ThermoFisher Scientific). Cells were either cultured in 6-well (for RNA-seq) or 96-well plates (for ATAC-seq) in biological triplicates at a density of 1 million cells/ml. Cells were subsequently harvested at 0.5, 1, 2, 6 and 24 hrs and processed for RNA-seq and ATAC-seq. An overview of the study design is shown in Figure 1.




Figure 1 | Overview of the study. The figure shows the principal steps of the different analysis performed in the study. (A) Isolated naïve CD4+ T cells were activated with anti-CD3/28 beads in the presence of TH1 polarizing factors (IL-12p70, IL-2 and anti-IL-4) for 0.5, 1,2, 6 and 24 hrs with or without P4 (n = 3). Naïve T cells cultured together with 50 µM P4 had also been pre-incubated with P4 for 24 hrs. (B) ATAC-sequencing to evaluate chromatin accessibility and RNA-seq for gene expression analysis were used as read out. (C) ATAC-seq and RNA-data was integrated through correlation where peak accessibility for promoter and distal peaks was correlated to changes in gene expression. (D) Peaks and genes upregulated during TH1 differentiation were overlapped with peaks and genes downregulated by P4 and the intersecting changes were analyzed for pathway enrichment and transcription factor (TF) motif analysis. (E) The intersecting peaks were also associated to genes containing disease-SNPs for a wide array of different types of diseases and analyzed for disease enrichment. (F) Disease-associated changes connecting to changes induced by P4 were used to construct a network of disease-associated transcription factors and target genes for both MS and RA. CD, Crohn’s disease; MS, multiple sclerosis; SNP, single nucleotide polymorphism; TF, transcription factor; RA, rheumatoid arthritis.





RNA Sequencing

RNA was isolated using the ZR-Duet DNA/RNA kit (Zymo Research, Irvine, USA) and stored at -80°C. The RNA quality was controlled using Agilent RNA 6000 Nano Kit (Agilent Technologies, Santa Clara, CA, USA) on an Agilent 2100 Bioanalyzer instrument (Agilent Technologies). RNA integrity numbers (RIN) were >9 in all samples. RNA library preparation and the subsequent RNA-sequencing were carried out by the Beijing Genomics Institute (https://www.bgi.com/global/). Library preparation was performed using the TruSeq RNA Library Prep Kit v2 (Illumina, San Diego, USA). Each sample was sequenced to the depth of 40-60 million reads per samples with pair end sequencing and a read length of 100bp on an Illumina NextSeq 2500 or 4000 instrument (Illumina). The transcriptomic data derived from human naïve TH cells differentiated under TH1 polarizing (n=9 individuals pooled in 3 biological replicates) has previously been published elsewhere (18). The data can be found on ArrayExpress (https://www.ebi.ac.uk/arrayexpress/), accession number E-MATB-7775.



Nuclei Extraction for ATAC Sequencing

The ATAC-seq sample preparation was carried out in accordance with the OMNI-ATAC-seq protocol (19), modified to incorporate the Nextera tagmentation reagents (20). After culture, the cells were transferred to DNA low-binding tubes (Eppendorf, Hamburg, Germany) for nuclear extraction. The cells were washed with PBS by centrifugation at 500g for 5 minutes (min). The supernatant was discarded by pipette and the cells resuspended in 50 µl ATAC-seq RSB buffer (10 mM Tris-HCl pH 7.4, 10 mM NaCl and 3 mM MgCl2) containing 0.1% NP40, 0.1% Tween-20 (all from Sigma-Aldrich) and 0.01% digitonin (Promega, Madison, WI) and incubated for 3 min. ATAC-seq RSB buffer containing 0.1% Tween-20 was added and the nuclei were pelleted by centrifugation at 500g for 10 min. All steps for the nuclei extraction were carried out on ice and all buffers were pre-cooled to 4°C. Nuclei extraction was immediately followed by library preparation.



ATAC Sequencing Library Preparation and Sequencing

ATAC-seq library preparation was carried out by resuspending the nuclei pellet in 50 µl transposition mix (25 ml 2X TD buffer, 2.5 µl transposase (both from Illumina, San Diego, CA), 16.5 µl PBS, 0.5 µl digitonin, 0.5 µl 10% Tween-20 and 5 ml Milli-Q water). The reaction mix was incubated for 30 min at 37°C in an Eppendorf Thermomixer Comfort (Eppendorf, Hamburg, Germany) at 1000 rpm. The reaction was stopped through the addition of 250 µl DNA binding buffer from the DNA Clean-up and Concentration kit (Zymo-Research, Irvine, CA) and the DNA purified according to the instructions provided by the manufacturer. The ATAC-seq DNA libraries were amplified and indexed with a NEBNext® Multiplex Oligos for Illumina® Index kit (New England Biolabs Inc, Ipswich, MA, USA) by PCR with the following cycling conditions: 72°C 5 min, 98°C sec, followed by 5 cycles of 98°C 10 sec, 63°C 30 sec, 72°C 1 min. Following PCR DNA concentration was assayed by qPCR and additional PCR cycles were added if necessary. After PCR, the samples were once again purified using the DNA Clean-up and Concentration kit (Zymo-Research). Library quality and concentration was assessed by fluorimetry with a Qubit™ dsDNA HS Assay Kit (Thermo Fisher Scientific) and gel electrophoresis using a Fragment Analyzer (ThermoFisher Scientific). Sequencing of the libraries was carried out on an Illumina NovaSeq 6000 instrument by the National Genomics Infrastructure of Sweden (https://www.scilifelab.se/facilities/ngi/).



RNA Sequencing Data Analysis

Summary of the data analysis can be found in Figure S1. Sample quality was assessed with FastQC (Babraham Bioinformatics). Trimming of adapters and clean-up of low-quality reads was performed using TrimGalore! (https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/). Paired-end reads were aligned and mapped to the Ensemble human reference genome GRCh38 (Genome Reference Consortium Human Build 38) using STAR (version 2.6.0c) (21). Transcript assembly and gene quantification was carried out with StringTie (version 1.3.4d) (22) using the GRCh38.90 annotation from Ensemble.



ATAC Sequencing Data Analysis

Sample quality was assessed with FastQC (Babraham Bioinformatics). To evaluate the ATAC-seq data, the transcription start site (TSS) enrichment was calculated with tssenrich (tssenrich 1.3.0 for Python), which showed an average acceptable level of 5. Sequencing adapters were trimmed using Trim Galore! (https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/). Reads were aligned to Genome Reference Consortium Human Build 38 from RefSeq using Bowtie 2 (23). Peak calling was performed with Genrich (https://github.com/jsh58/Genrich) and reads in peaks were counted with featureCounts from the Subread package (24). Prior to counting of reads in peaks and the calling of footprints, duplicate reads were dropped with Picard MarkDuplicates. Additionally, all alignments were shifted with alignmentSieve –ATACshift from deepTools (25) prior to the counting of reads in peaks.



Differential Expression Analysis

ATAC-seq peak counts and RNA-seq read counts were both analyzed with maSigPro (version 1.64) (26, 27) in R (version 4.1.1). Prior to the application of maSigPro lowly expressed genes was filtered out by dropping genes who did not exceed 1 read count per million reads mapped (cpm) in at least three samples. Peak and gene counts were normalized in respect to library size through the normalize function from DeSeq2 (28). Peaks were divided into promoter (defined as within 3,000bp from a TSS) and distal peaks (any other peak) prior to differential expression analysis by annotating the peaks to genes with ChIPseeker (29). Promoter and distal peaks were analyzed separately. Peaks and genes were considered as significantly differentially accessible (ATAC-seq) or differentially expressed (RNA-seq) if they had a False Discovery Rate (FDR) < 0.05 from maSigPro and an absolute log2fold change > 0.5.



Peak and Gene Integration by Correlation

The ATAC-seq and RNA-seq data was integrated by correlation to identify changes in the chromatin that was also reflected at the transcriptomic level. Peaks were overlapped to the GRCh38.90 reference annotation from Ensemble with the findOverlaps function from GenomicRanges (30) in R. Pearson correlation was then determined with the base function cor by comparing the log2fold change over control (resting naïve, timepoint 0) of each gene and peak in the two data sets. The average correlation and standard deviation were calculated and the gene with the highest (absolute) average correlation was assigned to the peak. Peaks with opposing or highly variable correlation were then dropped by dropping all peaks with a standard deviation above 0.3. Finally peaks and genes not significant by FDR < 0.05 (as defined from maSigPro differential analysis) were also dropped. Significant genes were then determined based on ATAC-seq log2fold change (> 0.5) for each time point and the genes assigned to the peaks overlapped with intersect to get the overlapping genes between the TH1 response and P4 responses. Gene ontology (GO) pathway enrichments were carried out with compareCluster from the package clusterProfiler (31, 32).



ATAC Sequencing Footprinting, Motif Finding and Enrichment

Footprints were called using the wellington algorithm from pyDNase (33) with the following parameters, -sh 7,36,1 -fp 6,41,1 -A -fdr 0.01 -fdriter 100 -fdrlimit –30. To achieve the recommended sequencing depth (100*10^6 reads per sample) for footprinting the ATAC-seq read alignments files for each time point were merged using samtools v1.6 prior to the calling of footprints. The footprints were then matched to motifs using findMotifsGenome.pl from HOMER (34) with the parameters -size given and -find. Motif enrichment over the control state (resting naïve T-cells, time point 0) was performed in parallel with findMotifsGenome.pl with the parameters “-size given” and -keepOverlappingBg. For this, motif enrichment footprints from both the TH1 and TH1+P4 treated time series were used for each time point. Overlapping footprints were merged with bedtools merge (version 2.27.1). The motif analysis of the footprints in the peaks of genes overlapping between upregulated in TH1 and downregulated in P4 was analyzed in the same way and against the same background. Tables were merged for downstream analysis in R using the package pandas in python (version 3.6).



SNP Enrichment Test

Disease single nucleotide polymorphisms (SNPs; P < 10^-5) in linkage disequilibrium (LD; LD threshold = 0.8, acquired using SNiPA https://snipa.helmholtz-muenchen.de/snipa3/) from each disease (Table S1) were mapped to the closest gene using ChIPseeker. Based on this mapping, genes were then considered as SNP promoter-associated if they had a disease SNP within 3,000bp from TSS or SNP distal-associated if within 100, 000bp from TSS (same as the definition of promoter and distal peaks). The SNP-associated genes were then overlapped to genes linked to peaks as established previously by correlation and the number of SNP to gene associated peaks in the peaks linked to the union of overlapping genes were compared to the number of SNP gene associated peaks overall. Promoter and distal peaks were analyzed separately. Disease enrichment was performed with Fisher’s exact test where a p-value of <0.05 was considering statistically significant. We validated the TF JUN as a regulator of MS by calculating the enrichment of SNPs associated with MS in JUN binding regions. The enrichment of MS SNPs was calculated using the function permTest (permutations = 10000) from the R package regioneR (30) which performs a permutation test. SNPs significantly associated with MS, using a nominal p < 10^-5. We used all SNVs in linkage disequilibrium with the MS-associated SNPs computed using SNiPA (r2 > 0.8, 1000 Genomes Phase 3 v5 variant set, European population). There were 11,249 SNPs in linkage disequilibrium with the 710 MS SNPs. JUN binding sites from JUN ChIP-seq on human were downloaded from the ENCODE portal (https://www.encodeproject.org/). We used conservative idr thresholded peaks with identifiers ENCSR000EFS, ENCSR000FAH. Common SNVs in NCBI dbSNP Build 153 with RegulomeDB rank scores were downloaded from RegulomeDB (https://regulomedb.org/). SNVs and JUN binding regions were annotated with promoter regions using the function annotatePeak from the R package ChIPseeker.



Target to Transcription Factor Network

A network of disease-associated target genes and transcription factors was created based on the MS- and RA-associated peaks (Table S2). First, each peak in the union of promoter and distal peaks for the diseases was matched to their corresponding footprints and possible matching motifs at each time point through the findOverlaps function from the GenomicRanges packages (35) in R. The motifs for each footprint were then filtered based on the bit score, as determined by HOMER during the motif matching. Only the motif with the highest score was kept for each footprint. This information was then condensed for each peak to motif (TF) interaction in each disease and a bias score was calculated for each interaction. The bias score was calculated by subtracting the number of times the interaction was detected in the TH1 and TH1+P4 samples respectively, where a negative score indicates a bias towards TH1+P4 whereas a positive score is biased towards TH1 alone. Only target genes and TFs with a negative bias score were included in the network. Disease-association for the upstream TFs was done using DisGeNet (36). Visualization of the network was done in the open-source bioinformatics visualization software Cytoscape (version 3.8.2; Cytoscape Team).




Results


Early TH1 Differentiation Involves Chromatin and Transcriptomic Changes in Central Transcription Factors and Genes

We performed ATAC-seq in combination with RNA-seq to investigate the global chromatin landscape and the associated gene expression profiles during the earliest stages of human TH1 differentiation (0.5-24 hrs) using isolated naïve CD4+ T cells (Figure 1). A total of 41,466 peaks were found of which 47.6% resided in promoter regions (≤3,000 bp from TSS), while the rest were assigned to exonic, intronic and intergenic regions (Figure 2A), hereby referred to as distal peaks. Using maSigPro (26, 27) to determine significantly differentially expressed peaks and genes over time, we found 23,103 peaks, out of which 7,215 were located in the promoter and 15,888 in distal peaks, and 12,492 genes to be differentially accessible or differentially expressed over the course of the time series (FDR<0.05). By associating the peaks to their closest genes, a clear T-cell stimulatory response could be seen as evident by the enrichment of T-cell activation pathways (Figure 2B). Furthermore, a gain in promoter ATAC-seq read coverage and increase in RNA-seq exon coverage could be seen for several prototypic T-cell activation markers, first for the early surface marker CD69 at 0.5h followed by the cytokines IL2 and the TH1-associated IFNG at 2h. Consistent with the known expression timing for CD69, expression and promotor accessibility peaked at 6h and was almost completely lost by 24h. Concurrently gain was also observed for the TH1 master regulator TBX21 at 2h with the gain peaking at 6h. As expected, this peak in gain of ATAC-seq and RNA-seq read coverage of TBX21 coincided with the loss of the TH2 master regulator GATA3 (Figure 2C), indicating that the chromatin and transcriptomic landscape is becoming more poised towards TH1.




Figure 2 | Changes in the chromatin and transcriptomic landscape during TH1 differentiation. Primary naïve human CD4+ T cells were activated and differentiated towards TH1 using CD3/CD28 Dynabeads™, IL-12p70, IL-2 and anti-IL-4 antibodies. ATAC-seq and RNA-seq were used to assess chromatin and transcriptomic changes respectively. (A) Peak annotation to genomic elements based on the peaks from the ATAC-seq. (B) GO pathway enrichment of differentially accessible or expressed genes over the whole TH1 time series. (C) Accessibility (black for ATAC-seq) and expression (red for RNA-seq) shown as RPKM for CD69, IL2, IFNG, TBX21 and GATA3 over time. Gene models of the genes with exons (black) and the promotor region (transparent blue) are displayed below. (D) Table of the top 15 most highly enriched motifs over the TH1 time course with the percentage of total discovered motifs stated for each TF. Geometric mean of adjusted p-values over the whole time series are shown in the table. (E) Gain in percentage of total discovered motifs (compared to baseline) for the top 15 motifs presented as log2fold change over the time series. TF, transcription factor; TH1, T helper 1 cells; RPKM, Reads per kilo base per million mapped reads.



To further investigate the regulatory landscape during TH1 differentiation, transcription factor (TF) footprints were called in all peaks for each time point using the Wellington algorithm (33) and mapped to TF motifs using HOMER (34). The top 15 enriched TF motifs over time were primarily connected to T-cell activation and differentiation, such as STATs and FOS. Furthermore, this analysis showed an intriguing pattern where the STATs were enriched early (0.5 h) and their fold change peaked at 1 h, while activation markers such as FOS and JUN were first enriched at 1 h and peaked at 6 hrs, before slightly decreasing by 24 hrs (Figures 2D, E). This corroborates well with STATs being the earliest T-cell activation TFs (14), followed by other clusters of TF activation waves.



Progesterone Dampens T Cell Responses Induced During TH1 Differentiation

TH1 cells are implicated in several autoimmune diseases that are known to be modulated during pregnancy (37) when P4 levels are high, which promoted us to further investigate how P4 affects TH1 differentiation. To this end, naïve TH cells cultured under TH1 polarizing conditions alone were compared to TH cells polarized in the presence of P4 (Figure 1). As we have previously shown that P4 induces large transcriptomic changes during T cell activation (10), we wanted to gain further functional insights into underlying gene regulatory machinery. We therefore used correlation between ATAC-and RNA-seq to identify more robust changes induced by P4 that are transmitted across both omics. To map changes in the chromatin state to changes in gene expression, we correlated the change in peaks over time to the change of proximal gene expression over time. For this purpose, promoters and distal peaks were correlated to genes within 3 kbp and 100 kbp respectively as to represent short and long range interactions as defined by Chen et al. (38) for TH1 differentiation in the presence or absence of P4. This resulted in a set of 5,284 promoter correlating to 4,172 genes and 8,771 distal peaks correlating to 3,926 genes. For the distal elements, regression analysis showed that base-pair closeness was not significantly associated with mRNA correlation (data not shown). Moreover, for each distal peak we tested on average 3.14 different genes and in 48.4% we mapped the peak to a gene that was not closest to the peak, while the promoters were tested for 1.24 genes on average resulting in 11.6% of the promoters to be mapped to non-neighboring genes (Tables S3, S4). P4 has previously been shown to dampen T-cell activation and we also observed the largest increase in percentage overlap over time between genes upregulated during TH1 differentiation and downregulated by P4, increasing from 17% at 30 min to 86% overlap after 24 hours in promoter genes and from 15% to 74% in distal genes (Figure S2). Therefore, we decided to focus on the dampening effect of P4 on TH1 differentiation.

Pathway enrichment of these overlapping genes showed enrichment of pathways related to T-cell activation and differentiation across the time series in both promoter and distal peaks, further supporting an inhibitory effect of P4 on T-cell activation (Figures 3A, B).




Figure 3 | Progesterone downregulates T-cell responses induced during TH1 differentiation. Naïve primary human CD4+ T cells were differentiated in the presence or absence of P4 to evaluate the influence of P4 on TH1 differentiation. Correlation between ATAC-seq and RNA-seq was performed to identify changes that were present in both omics. (A, B) Gene Ontology pathway enrichment analysis of the overlapping genes between peaks that were upregulated during TH1 differentiation and downregulated by P4. Venn diagrams shown below highlight the overlapping genes between the genes upregulated in TH1 and downregulated with P4, where the intersection was used for the gene set enrichment. (C, D) Top 10 transcription factors derived from motif enrichment analysis of the intersecting peaks between TH1 up and P4 down at each time point. The TFs are colored in the same color among the same TF and between promoter and distal. A TF can appear more than ones for each time point since different motifs from the same TF are present. Number of target genes regulated by these TFs and the number of shared TFs between the time points are given below. All TFs are significantly enriched compared to time point 0 (resting; p < 0.05) at each respective timepoint they appear. (E, F) Venn diagram showing the number of overlapping and unique target genes and TFs enriched in the promoter and distal peaks comparing genes upregulated during TH1 and downregulated with P4. GO, gene ontology; P4, progesterone; TF, transcription factor; TH1, T helper 1 cells.



Analysis of the upstream regulators of these overlapping genes showed that the top 10 TF motifs belonged mainly to core set of TFs (ATF3, BATF, BACH2, FOS, FOSL1, FOSL2, JUN, JUNB). These were consistently among the top 10 TF motifs at most time points in both promoter and distal peaks (Figures 3C–E and Tables S5, S6). In contrast, at 30 min, a completely different set of TFs, including STAT1, STAT3, STAT4 and STAT5A appeared among the top 10. Over time, the core set of TFs regulated more and more target genes over the time series. At 6 and 24 hrs, these TFs regulated more than 30% of the target genes associated to distal peaks and around 15% of the target genes associated to promoter peaks (Figures 3C, D). Overlap of all peak-associated genes and top 10 TF motifs across the time series highlighted that several known TFs of T-cell activation and their targets genes were regulated in both promoter and distal peaks affected by P4 (Figures 3E, F).



P4 Affects Disease-Associated Genes Involved in TH1-Mediated Diseases

To get a more complete understanding of how P4 can be involved in modulating disease-associated changes, we investigated how the changes induced by P4 during TH1 differentiation were related to known disease-associated SNPs. For this purpose, we used the union of all peaks correlated to the genes that were upregulated during TH1 differentiation and downregulated with P4 over the entire time series, resulting in a total of 599 promoter and 3490 distal peaks. Using established disease-associated SNPs from different types of diseases ranging from psychiatric and social to autoimmune (Table S1), we found that the peaks were significantly enriched for peaks correlated to SNP-associated genes for autoimmune and immune-mediated disease (Figures 4A–D and Table S7), whereas no other diseases were found to be enriched.




Figure 4 | Progesterone downregulates disease-associated genes in immune-mediated diseases. Enrichment of disease SNP-associated genes in the promoter and distal peaks that were overlapping between peaks upregulated during TH1 differentiation and downregulated with P4. (A, B) -log10 p values for disease enrichment in the overlapping promoter and distal peaks. The promoter and distal peaks were combined over the whole time series. Disease enrichment was performed with Fisher’s exact test where a p-value of <0.05 was considering statistically significant. (C, D) Odds ratio for enrichment of SNP-associated peaks in Crohn’s disease, MS, RA and Type 1 diabetes with the number of overlapping genes (annotated from the SNPs) are denoted below. (E) Network of the genes and TFs present in the overlapping promoter and distal peaks for MS and RA. Shared TFs and genes are present in both diseases. The target genes have been colored based on if the gene is associated to the promoter peaks (red), distal peaks (blue) or both (blue and red). Some of the genes were denoted both as TFs and targets. (F) Proportion of MS-associated SNPs among common SNVs in intergenic regions compared to JUN binding sites, both for the distal and promoter regions. Statistical differences were determined using permutation test (10,000 permutations). (G) Proportion of eQTLs among SNVs in intergenic regions compared to proportion of eQTLs among MS-associated SNPs in JUN binding sites, both for the distal and promoter regions. Fisher’s exact test was used to determine statistical differences. CAD, coronary artery disease; MS, multiple sclerosis; RA, rheumatoid arthritis; SNP, single nucleotide polymorphism; SNV, single nucleotide variant.; eQTL, expression quantitative trait locus; T1D, Type 1 diabetes; T2D, Type 2 diabetes; TF, transcription factor; TH1, T helper 1 cells.





P4 Downregulate the Activity of Central T-Cell Activation TFs, Particularly JUN

Classical TH1-associated diseases like MS and RA have been shown to markedly improve during pregnancy, particularly during the third trimester, whereas a temporary rebound effect after pregnancy has been observed, coinciding with high and low P4 levels, respectively. We therefore focused specifically on disease-associated changes related to these two diseases. To increase the functional insight of the MS- and RA-associated changes in relation to P4, we constructed a network of the affected disease genes and their upstream disease-associated TFs (Table S2). As expected, most peaks correlating to disease SNP-associated genes were found among the distal peaks (Figure 4E). Interestingly, among the target genes, the T-cell activation marker IL2RA was common between the two diseases. Several TFs were also shared between the two diseases, including JUN, NFKB1, RUNX1 and RELA, that regulated both MS- and RA-associated disease genes (Figure 4E), whereof JUN was in our previously derived core TFs that we predicted to significantly regulate P4 induced gene expression through promoters and distal elements. To justify the potential upstream relevance of JUN in MS we identified two previously published ChiP-seq studies in immune-related cell lines (39, 40), which were combined to get validated peaks of JUN, both in promoters and distal elements respectively. Again, we found MS-associated SNPs to be highly enriched among the promoter (permutation test P<7.6 x 10^-3) and distal (P<10^-4) bindings elements of JUN (Figure 4F). Lastly, using RegulomeDB annotation we found those SNPs to be highly enriched as expression quantitative trait loci (promoter P<7.9 x 10^-3; distal P<6.9 x 10^-3; Figure 4G). In summary, this supports the hypothesis of a key aspect of P4 autoimmune relevance is to downregulate the activity of central T-cell activation TFs, particularly JUN.




Discussion

We performed a detailed investigation on the effect of P4 on TH1 differentiation in relation to TH1-mediated diseases, whose disease activity is altered during pregnancy when P4 levels are high. Interestingly, P4 altered chromatin accessibility in both promoter and distal peaks associated to genes involved in T-cell activation, opposing the changes induced during TH1 differentiation. Furthermore, motif analysis identified several TFs, such as ATF3, FOS, JUN and JUNB, as central upstream regulators of these changes. The changes induced by P4 were significantly enriched for peaks associated to genes for several immune-mediated diseases, including MS and RA. Further analysis of disease-related changes associated to MS and RA revealed several shared upstream TFs between the diseases. JUN, a central TF during T-cell activation, appeared as one of the shared disease-associated TFs that also had motifs in both promoter and distal peaks affected by P4. Our findings provide new knowledge of how P4 affects the gene regulatory landscape during TH1 differentiation and offer valuable insights into central changes that could be responsible for the pregnancy-induced modulation of TH1-mediated diseases.

The use of ATAC-seq enables interrogation of non-coding regions of the DNA, such as in promoters and other distal regulatory elements, which is not captured by transcriptomics alone. Nearly 90% of GWAS-associated SNPs lie within non-coding regions (41) and hence, to be able to capture the functional implications of these SNPs, more studies investigating the gene regulatory landscape in diseases are needed. This was recently highlighted by Liu et al. where accessible chromatin regions were enriched for diseases-associated SNPs and could predict degree of diseases in patients with skin fibrosis (42). However, analysis of this data is complex as the non-coding regions might act on a distance directly regulating distal genes, which also may vary across cell types making existing chromatin maps less relevant in differentiation studies. In this study, we mapped long range chromatin changes by highest absolute correlations using paired transcriptomic profiles of all genes within 3,000 and 100,000 base pairs for promoters and distal regions respectively. Not surprisingly in about 50% of the distal regions this resulted in a mapping to a non-neighbouring gene as enhancer elements often act at a long distance, and we found no association between distance to TSS and absolute correlation within 100,000 base pairs. To justify our mappings and increase the validity of our findings, we throughout the paper used corroboration of the promoter and distal genes.

P4 is the one of the major pregnancy hormones and has historically been proposed as a candidate involved in the shift from determinantal TH1 responses to more TH2-skewed immune response that has been suggested to underlie successful pregnancy (43). The most prominent changes induced by P4 was counteracting changes induced during TH1 differentiation, where genes upregulated during TH1 differentiation were downregulated by P4, supporting a modulatory role of P4 during TH1 differentiation. Indeed, these changes were highly enriched in pathways involved in T-cell activation, the first crucial step involved in T-cell lineage commitment, both in peaks associated to promoter and distal elements. The dampening effect of P4 on T-cell activation are in line with previous findings (10, 11, 44), although here we provide a more fine-grained time series analysis of how P4 affects T-cell activation, in particularly related to TH1 differentiation. More in-depth analysis revealed that the major TFs regulating these changes were dominated by well-known TFs involved in T-cell activation such as BATF, FOS, FOSL1, FOSL2, JUN and JUNB. This was evident not only from the promoter peaks but also in the distal regulatory elements. These are all members of the AP-1 transcription factor family, a key component of T-cell activation (45). Indeed, AP-1 activity has been shown to be the major TF involved in the remodeling of the chromatin during T-cell activation and sites in AP-1 are highly overlapping with risk loci for immunological diseases, particularly in MS (46). It is therefore striking that P4 seemingly affects the binding motifs of several TFs of AP-1 and points towards a possible molecular mechanism by how P4 can dampen T-cell activation, which we have not observed previously (10).

The modulation of several immune-mediated disease during pregnancy, which correlates with P4 levels, makes P4 a very attractive candidate that could at least partly be responsible for the beneficial effects of pregnancy on disease. In fact, P4 treatment before onset and during ongoing disease reduces clinical severity and shows neuroprotective effects in the MS animal model experimental autoimmune encephalomyelitis (EAE) (47–50). We have previously shown that P4 affects disease-associated genes related to several immune-mediated diseases (10), including MS and RA. In agreement with these findings, we found that the downregulatory changes induced by P4 during TH1 differentiation were also significantly enriched for diseases such as MS and RA. More in-depth analysis showed that several upstream TFs were shared between MS and RA such as JUN, ETS1, NFATC1 and NFKB1. NCATC1 controls proliferation and survival of peripheral lymphocytes and NFATC1 deficiency has been shown to ameliorate the course of EAE and has been suggested as a potential treatment option (51). ETS1 is a functional co-factor of Tbet and important for the differentiation and function of TH1 cells (52). The TF JUN was not only shared between the two diseases but was also present among the TF motifs associated to both promoter and distal peaks and was shown to be significantly enriched in MS-associated SNPs, supporting its importance in disease. Interestingly, one downstream target gene was shared between the diseases, IL2RA. IL-2RA has an undisputable role during T-cell activation as a part of the receptor for IL-2, an important initial growth factor during early T-cell activation (53). Still, it should be noted that IL-2RA is also important for regulatory T cells, which has placed IL-2RA at the border between immunity and tolerance (53). However, an initial dampening of IL-2RA by P4 during the earlier phases of TH1 differentiation would most likely impede T-cell activation as it would render the cells less responsive to IL-2. It is evident that many of the downregulatory disease-associated effects related to P4 are on major players involved in T-cell activation. Indeed, during pregnancy, alloreactive T cells would need to be kept under control to limit potential detrimental immune responses towards the semi-allogenic fetus and aberrant T-cell activation is a prominent feature of both MS and RA.

One major limitation of this study is that we only assessed the effect of P4 during the earliest phases of TH1 differentiation where activation was primarily affected by P4, which limits our ability to draw major conclusions about the effect of P4 on the TH1 differentiation itself. The enrichment of genes associated to MS, RA, T1D and Crohn’s disease suggests a more TH1-specific effect although it should be noted that the pathogenesis for several of these diseases is not solely attributed to TH1. In MS, classically considered a TH1-mediated disease, TH17 also plays an important role (54, 55) although recent studies suggest that TH1/TH17 cells are the major pathogenic cell type (56, 57). At these early stages of the polarization, disentangling the effect of P4 on TH1 and TH17 is difficult as activation predominates. Still, the early effect on STATs involved in TH1 differentiation and the enrichment of genes associated only to more TH1-associated diseases argues for a potential TH1-specific effect of P4 even during these earliest events although the long-term impact of this will need to be further investigated. Cytokine production has been shown to be affected even after several days of culture with P4 (6, 58, 59), which suggests that the effects of P4 on T cells are long-lasting and persisting. Capturing the early effects of P4 are central since the T-cell activation sets the stage for the ensuing T-cell differentiation. Moreover, the early effects might be the most critical as they can lead to a cascade of downstream effects. This principle was also previously used by us to determine upstream disease-relevant TFs, although we then started from 6h instead of 30 mins (60). Herein, this led to the consistent prediction of JUN as a P4 regulated TF and key upstream regulator of MS associated SNPs (61), which our independent ChiP-seq analysis further confirmed.

In summary, we show that P4 alters the gene regulatory landscape during early TH1 differentiation by modulating the activity of several central TFs and target genes involved in T-cell activation. The changes induced by P4 were enriched for disease-associated changes related to several immune-mediated diseases, including MS and RA, diseases that significantly improves during pregnancy, coinciding with high P4 levels. Our results further support the importance of P4 in the immunomodulation during pregnancy and in disease. We believe our findings speaks strongly in favor of investigating the potential benefit of using P4 or P4-derivates as a potential treatment option in T-cell mediated diseases.



Data Availability Statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below:

https://www.ebi.ac.uk/arrayexpress/, E-MTAB-7775

https://www.ebi.ac.uk/arrayexpress/, E-MTAB-10423

https://www.ebi.ac.uk/arrayexpress/, E-MTAB-10444

https://gitlab.com/Olof_Rundquist/th1_p4_atac_and_rna_seq.



Ethics Statement

The use of blood from blood donors does not require a specific ethical approval in accordance with the local legislation and institutional requirements. The participants provided their written informed consent for research use (besides medical use) of the donated blood in accordance with the Declaration of Helsinki.



Author Contributions

OR collected samples and performed all experimental work. OR and SH performed the bioinformatics analysis. CN, SH, MJ, and MG contributed to the study design and overall supervision of the study. OR, SH, and MG prepared the figures and writing of the manuscript. All authors have read and approved the final manuscript.



Funding

This study was funded by the Swedish Foundation for Strategic Research (SB16-0011).



Acknowledgments

The authors acknowledge the National Genomics Infrastructure (NGI) in Stockholm funded by Science for Life Laboratory, the Knut and Alice Wallenberg Foundation and the Swedish Research Council, and SNIC/Uppsala Multidisciplinary Centre for Advanced Computational Science for assistance with massively parallel sequencing and access to the UPPMAX computational infrastructure. The authors would also like to acknowledge the help of Beijing Genomic Institute.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.835625/full#supplementary-material



References

1. Eberl, G. Immunity by Equilibrium. Nat Rev Immunol (2016) 16:524–32. doi: 10.1038/nri.2016.75

2. Aldridge, J, Ekwall, AH, Mark, L, Bergstrom, B, Andersson, K, Gjertsson, I, et al. T Helper Cells in Synovial Fluid of Patients With Rheumatoid Arthritis Primarily Have a Th1 and a CXCR3(+)Th2 Phenotype. Arthritis Res Ther (2020) 22:245. doi: 10.1186/s13075-020-02349-y

3. Arellano, G, Acuna, E, Reyes, LI, Ottum, PA, De Sarno, P, Villarroel, L, et al. Th1 and Th17 Cells and Associated Cytokines Discriminate Among Clinically Isolated Syndrome and Multiple Sclerosis Phenotypes. Front Immunol (2017) 8:753. doi: 10.3389/fimmu.2017.00753

4. Confavreux, C, Hutchinson, M, Hours, MM, Cortinovis-Tourniaire, P, and Moreau, T. Rate of Pregnancy-Related Relapse in Multiple Sclerosis. Pregnancy in Multiple Sclerosis Group. N Engl J Med (1998) 339:285–91. doi: 10.1056/NEJM199807303390501

5. de Man, YA, Dolhain, RJ, van de Geijn, FE, Willemsen, SP, and Hazes, JM. Disease Activity of Rheumatoid Arthritis During Pregnancy: Results From a Nationwide Prospective Study. Arthritis Rheum (2008) 59:1241–8. doi: 10.1002/art.24003

6. Piccinni, MP, Giudizi, MG, Biagiotti, R, Beloni, L, Giannarini, L, Sampognaro, S, et al. Progesterone Favors the Development of Human T Helper Cells Producing Th2-Type Cytokines and Promotes Both IL-4 Production and Membrane CD30 Expression in Established Th1 Cell Clones. J Immunol (1995) 155:128–33.

7. Piccinni, MP, and Romagnani, S. Regulation of Fetal Allograft Survival by a Hormone-Controlled Th1- and Th2-Type Cytokines. Immunol Res (1996) 15:141–50. doi: 10.1007/BF02918503

8. Piccinni, MP, Scaletti, C, Maggi, E, and Romagnani, S. Role of Hormone-Controlled Th1- and Th2-Type Cytokines in Successful Pregnancy. J Neuroimmunol (2000) 109:30–3. doi: 10.1016/S0165-5728(00)00299-X

9. Lissauer, D, Eldershaw, SA, Inman, CF, Coomarasamy, A, Moss, PA, and Kilby, MD. Progesterone Promotes Maternal-Fetal Tolerance by Reducing Human Maternal T-Cell Polyfunctionality and Inducing a Specific Cytokine Profile. Eur J Immunol (2015) 45:2858–72. doi: 10.1002/eji.201445404

10. Hellberg, S, Raffetseder, J, Rundquist, O, Magnusson, R, Papapavlou, G, Jenmalm, M, et al. Progesterone Dampens Immune Responses in In Vitro Activated CD4+ T Cells and Affects Genes Associated With Autoimmune Diseases That Improve During Pregnancy. Front Immunol (2021) 12:672168. doi: 10.3389/fimmu.2021.672168

11. Papapavlou, G, Hellberg, S, Raffetseder, J, Brynhildsen, J, Gustafsson, M, Jenmalm, MC, et al. Differential Effects of Estradiol and Progesterone on Human T Cell Activation In Vitro. Eur J Immunol (2021) 51:2430–40. doi: 10.1002/eji.202049144

12. Szabo, SJ, Kim, ST, Costa, GL, Zhang, X, Fathman, CG, and Glimcher, LH. A Novel Transcription Factor, T-Bet, Directs Th1 Lineage Commitment. Cell (2000) 100:655–69. doi: 10.1016/S0092-8674(00)80702-3

13. Afkarian, M, Sedy, JR, Yang, J, Jacobson, NG, Cereb, N, Yang, SY, et al. T-Bet is a STAT1-Induced Regulator of IL-12r Expression in Naive CD4+ T Cells. Nat Immunol (2002) 3:549–57. doi: 10.1038/ni794

14. O’Shea, JJ, Lahesmaa, R, Vahedi, G, Laurence, A, and Kanno, Y. Genomic Views of STAT Function in CD4+ T Helper Cell Differentiation. Nat Rev Immunol (2011) 11:239–50. doi: 10.1038/nri2958

15. Starks, RR, Biswas, A, Jain, A, and Tuteja, G. Combined Analysis of Dissimilar Promoter Accessibility and Gene Expression Profiles Identifies Tissue-Specific Genes and Actively Repressed Networks. Epigenet Chromatin (2019) 12:16. doi: 10.1186/s13072-019-0260-2

16. Lara-Astiaso, D, Weiner, A, Lorenzo-Vivas, E, Zaretsky, I, Jaitin, DA, David, E, et al. Immunogenetics. Chromatin State Dynamics During Blood Formation. Science (2014) 345:943–9. doi: 10.1126/science.1256271

17. Buenrostro, JD, Giresi, PG, Zaba, LC, Chang, HY, and Greenleaf, WJ. Transposition of Native Chromatin for Fast and Sensitive Epigenomic Profiling of Open Chromatin, DNA-Binding Proteins and Nucleosome Position. Nat Methods (2013) 10:1213–8. doi: 10.1038/nmeth.2688

18. Magnusson, M, Rundquist, O, Kim, MJ, Hellberg, S, Na, CH, Benson, M, et al. A Validated Strategy to Infer Protein Biomarkers From RNA-Seq Combining Multiple mRNA Splice Variants and Time-Delay. BioRxiv (2020). doi: 10.1101/599373

19. Corces, MR, Trevino, AE, Hamilton, EG, Greenside, PG, Sinnott-Armstrong, NA, Vesuna, S, et al. An Improved ATAC-Seq Protocol Reduces Background and Enables Interrogation of Frozen Tissues. Nat Methods (2017) 14:959–62. doi: 10.1038/nmeth.4396

20. Zuberbuehler, MK, Parker, ME, Wheaton, JD, Espinosa, JR, Salzler, HR, Park, E, et al. The Transcription Factor C-Maf is Essential for the Commitment of IL-17-Producing Gammadelta T Cells. Nat Immunol (2019) 20:73–85. doi: 10.1038/s41590-018-0274-0

21. Dobin, A, Davis, CA, Schlesinger, F, Drenkow, J, Zaleski, C, Jha, S, et al. STAR: Ultrafast Universal RNA-Seq Aligner. Bioinformatics (2013) 29:15–21. doi: 10.1093/bioinformatics/bts635

22. Pertea, M, Pertea, GM, Antonescu, CM, Chang, TC, Mendell, JT, and Salzberg, SL. StringTie Enables Improved Reconstruction of a Transcriptome From RNA-Seq Reads. Nat Biotechnol (2015) 33:290–5. doi: 10.1038/nbt.3122

23. Langmead, B, and Salzberg, SL. Fast Gapped-Read Alignment With Bowtie 2. Nat Methods (2012) 9:357–9. doi: 10.1038/nmeth.1923

24. Liao, Y, Smyth, GK, and Shi, W. The R Package Rsubread is Easier, Faster, Cheaper and Better for Alignment and Quantification of RNA Sequencing Reads. Nucleic Acids Res (2019) 47:e47. doi: 10.1093/nar/gkz114

25. Ramirez, F, Ryan, DP, Gruning, B, Bhardwaj, V, Kilpert, F, Richter, AS, et al. Deeptools2: A Next Generation Web Server for Deep-Sequencing Data Analysis. Nucleic Acids Res (2016) 44:W160–5. doi: 10.1093/nar/gkw257

26. Conesa, A, Nueda, MJ, Ferrer, A, and Talon, M. Masigpro: A Method to Identify Significantly Differential Expression Profiles in Time-Course Microarray Experiments. Bioinformatics (2006) 22:1096–102. doi: 10.1093/bioinformatics/btl056

27. Nueda, MJ, Tarazona, S, and Conesa, A. Next Masigpro: Updating Masigpro Bioconductor Package for RNA-Seq Time Series. Bioinformatics (2014) 30:2598–602. doi: 10.1093/bioinformatics/btu333

28. Love, MI, Huber, W, and 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

29. Yu, G, Wang, LG, and He, QY. ChIPseeker: An R/Bioconductor Package for ChIP Peak Annotation, Comparison and Visualization. Bioinformatics (2015) 31:2382–3. doi: 10.1093/bioinformatics/btv145

30. Gel, B, Diez-Villanueva, A, Serra, E, Buschbeck, M, Peinado, MA, and Malinverni, R. Regioner: An R/Bioconductor Package for the Association Analysis of Genomic Regions Based on Permutation Tests. Bioinformatics (2016) 32:289–91. doi: 10.1093/bioinformatics/btv562

31. Yu, G, Wang, LG, Han, Y, and He, QY. Clusterprofiler: An R Package for Comparing Biological Themes Among Gene Clusters. OMICS (2012) 16:284–7. doi: 10.1089/omi.2011.0118

32. Wu, T, Hu, E, Xu, S, Chen, M, Guo, P, Dai, Z, et al. Clusterprofiler 4.0: A Universal Enrichment Tool for Interpreting Omics Data. Innovation (N Y) (2021) 2:100141. doi: 10.1016/j.xinn.2021.100141

33. Piper, J, Elze, MC, Cauchy, P, Cockerill, PN, Bonifer, C, and Ott, S. Wellington: A Novel Method for the Accurate Identification of Digital Genomic Footprints From DNase-Seq Data. Nucleic Acids Res (2013) 41:e201. doi: 10.1093/nar/gkt850

34. Heinz, S, Benner, C, Spann, N, Bertolino, E, Lin, YC, Laslo, P, et al. Simple Combinations of Lineage-Determining Transcription Factors Prime Cis-Regulatory Elements Required for Macrophage and B Cell Identities. Mol Cell (2010) 38:576–89. doi: 10.1016/j.molcel.2010.05.004

35. Lawrence, M, Huber, W, Pages, H, Aboyoun, P, Carlson, M, Gentleman, R, et al. Software for Computing and Annotating Genomic Ranges. PloS Comput Biol (2013) 9:e1003118. doi: 10.1371/journal.pcbi.1003118

36. Pinero, J, Ramirez-Anguita, JM, Sauch-Pitarch, J, Ronzano, F, Centeno, E, Sanz, F, et al. The DisGeNET Knowledge Platform for Disease Genomics: 2019 Update. Nucleic Acids Res (2020) 48:D845–55. doi: 10.1093/nar/gkz1021

37. Piccinni, MP, Lombardelli, L, Logiodice, F, Kullolli, O, Parronchi, P, and Romagnani, S. How Pregnancy can Affect Autoimmune Diseases Progression? Clin Mol Allergy (2016) 14:11. doi: 10.1186/s12948-016-0048-x

38. Chen, CH, Zheng, R, Tokheim, C, Dong, X, Fan, J, Wan, C, et al. Determinants of Transcription Factor Regulatory Range. Nat Commun (2020) 11:2472. doi: 10.1038/s41467-020-16106-x

39. Lou, S, Li, T, Kong, X, Zhang, J, Liu, J, Lee, D, et al. TopicNet: A Framework for Measuring Transcriptional Regulatory Network Change. Bioinformatics (2020) 36:i474–81. doi: 10.1093/bioinformatics/btaa403

40. Zhang, XO, Gingeras, TR, and Weng, Z. Genome-Wide Analysis of Polymerase III-Transcribed Alu Elements Suggests Cell-Type-Specific Enhancer Function. Genome Res (2019) 29:1402–14. doi: 10.1101/gr.249789.119

41. Edwards, SL, Beesley, J, French, JD, and Dunning, AM. Beyond GWASs: Illuminating the Dark Road From Association to Function. Am J Hum Genet (2013) 93:779–97. doi: 10.1016/j.ajhg.2013.10.012

42. Liu, Q, Zaba, L, Satpathy, AT, Longmire, M, Zhang, W, Li, K, et al. Chromatin Accessibility Landscapes of Skin Cells in Systemic Sclerosis Nominate Dendritic Cells in Disease Pathogenesis. Nat Commun (2020) 11:5843. doi: 10.1038/s41467-020-19702-z

43. Shah, NM, Lai, PF, Imami, N, and Johnson, MR. Progesterone-Related Immune Modulation of Pregnancy and Labor. Front Endocrinol (Lausanne) (2019) 10:198. doi: 10.3389/fendo.2019.00198

44. Chien, EJ, Chang, CP, Lee, WF, Su, TH, and Wu, CH. Non-Genomic Immunosuppressive Actions of Progesterone Inhibits PHA-Induced Alkalinization and Activation in T Cells. J Cell Biochem (2006) 99:292–304. doi: 10.1002/jcb.20858

45. Karin, M, Liu, Z, and Zandi, E. AP-1 Function and Regulation. Curr Opin Cell Biol (1997) 9:240–6. doi: 10.1016/S0955-0674(97)80068-3

46. Yukawa, M, Jagannathan, S, Vallabh, S, Kartashov, AV, Chen, X, Weirauch, MT, et al. AP-1 Activity Induced by Co-Stimulation is Required for Chromatin Opening During T Cell Activation. J Exp Med (2020) 217:e20182009. doi: 10.1084/jem.20182009

47. Garay, L, Gonzalez Deniselle, MC, Lima, A, Roig, P, and De Nicola, AF. Effects of Progesterone in the Spinal Cord of a Mouse Model of Multiple Sclerosis. J Steroid Biochem Mol Biol (2007) 107:228–37. doi: 10.1016/j.jsbmb.2007.03.040

48. Garay, L, Gonzalez Deniselle, MC, Meyer, M, Costa, JJ, Lima, A, Roig, P, et al. Protective Effects of Progesterone Administration on Axonal Pathology in Mice With Experimental Autoimmune Encephalomyelitis. Brain Res (2009) 1283:177–85. doi: 10.1016/j.brainres.2009.04.057

49. Gonzalez Deniselle, MC, Garay, L, Meyer, M, Gargiulo-Monachelli, G, Labombarda, F, Gonzalez, S, et al. Experimental and Clinical Evidence for the Protective Role of Progesterone in Motoneuron Degeneration and Neuroinflammation. Horm Mol Biol Clin Investig (2011) 7:403–11. doi: 10.1515/HMBCI.2011.126

50. Garay, LI, Gonzalez Deniselle, MC, Brocca, ME, Lima, A, Roig, P, and De Nicola, AF. Progesterone Down-Regulates Spinal Cord Inflammatory Mediators and Increases Myelination in Experimental Autoimmune Encephalomyelitis. Neuroscience (2012) 226:40–50. doi: 10.1016/j.neuroscience.2012.09.032

51. Dietz, L, Frommer, F, Vogel, AL, Vaeth, M, Serfling, E, Waisman, A, et al. NFAT1 Deficit and NFAT2 Deficit Attenuate EAE via Different Mechanisms. Eur J Immunol (2015) 45:1377–89. doi: 10.1002/eji.201444638

52. Grenningloh, R, Kang, BY, and Ho, IC. Ets-1, a Functional Cofactor of T-Bet, is Essential for Th1 Inflammatory Responses. J Exp Med (2005) 201:615–26. doi: 10.1084/jem.20041330

53. Malek, TR. The Biology of Interleukin-2. Annu Rev Immunol (2008) 26:453–79. doi: 10.1146/annurev.immunol.26.021607.090357

54. Cua, DJ, Sherlock, J, Chen, Y, Murphy, CA, Joyce, B, Seymour, B, et al. Interleukin-23 Rather Than Interleukin-12 Is the Critical Cytokine for Autoimmune Inflammation of the Brain. Nature (2003) 421:744–8. doi: 10.1038/nature01355

55. Langrish, CL, Chen, Y, Blumenschein, WM, Mattson, J, Basham, B, Sedgwick, JD, et al. IL-23 Drives a Pathogenic T Cell Population That Induces Autoimmune Inflammation. J Exp Med (2005) 201:233–40. doi: 10.1084/jem.20041257

56. Restorick, SM, Durant, L, Kalra, S, Hassan-Smith, G, Rathbone, E, Douglas, MR, et al. CCR6(+) Th Cells in the Cerebrospinal Fluid of Persons With Multiple Sclerosis are Dominated by Pathogenic non-Classic Th1 Cells and GM-CSF-Only-Secreting Th Cells. Brain Behav Immun (2017) 64:71–9. doi: 10.1016/j.bbi.2017.03.008

57. Basdeo, SA, Cluxton, D, Sulaimani, J, Moran, B, Canavan, M, Orr, C, et al. Ex-Th17 (Nonclassical Th1) Cells Are Functionally Distinct From Classical Th1 and Th17 Cells and Are Not Constrained by Regulatory T Cells. J Immunol (2017) 198:2249–59. doi: 10.4049/jimmunol.1600737

58. Miyaura, H, and Iwata, M. Direct and Indirect Inhibition of Th1 Development by Progesterone and Glucocorticoids. J Immunol (2002) 168:1087–94. doi: 10.4049/jimmunol.168.3.1087

59. AbdulHussain, G, Azizieh, F, Makhseed, M, and Raghupathy, R. Effects of Progesterone, Dydrogesterone and Estrogen on the Production of Th1/Th2/Th17 Cytokines by Lymphocytes From Women With Recurrent Spontaneous Miscarriage. J Reprod Immunol (2020) 140:103132. doi: 10.1016/j.jri.2020.103132

60. 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

61. Ferrandi, C, Richard, F, Tavano, P, Hauben, E, Barbie, V, Gotteland, JP, et al. Characterization of Immune Cell Subsets During the Active Phase of Multiple Sclerosis Reveals Disease and C-Jun N-Terminal Kinase Pathway Biomarkers. Mult Scler (2011) 17:43–56. doi: 10.1177/1352458510381258




Conflict of Interest: The 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.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Rundquist, Nestor, Jenmalm, Hellberg and Gustafsson. 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.


OEBPS/Images/fimmu-13-835625-g003.jpg
B s gt s et s s






OEBPS/Images/fimmu-13-835625-g001.jpg
A s o0 oy v B c

-000=0 O @ [E—

prs






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Progesterone Inhibits the Establishment of Activation-Associated Chromatin During TH1 Differentiation

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Ethics Statement

          



          		

            Isolation of Naïve CD4+ T Cells

          



          		

            Pre-Incubation With Progesterone

          



          		

            TH1 Differentiation in the Absence or Presence of Progesterone

          



          		

            RNA Sequencing

          



          		

            Nuclei Extraction for ATAC Sequencing

          



          		

            ATAC Sequencing Library Preparation and Sequencing

          



          		

            RNA Sequencing Data Analysis

          



          		

            ATAC Sequencing Data Analysis

          



          		

            Differential Expression Analysis

          



          		

            Peak and Gene Integration by Correlation

          



          		

            ATAC Sequencing Footprinting, Motif Finding and Enrichment

          



          		

            SNP Enrichment Test

          



          		

            Target to Transcription Factor Network

          



        



        



        		

          Results

        

          		

            Early TH1 Differentiation Involves Chromatin and Transcriptomic Changes in Central Transcription Factors and Genes

          



          		

            Progesterone Dampens T Cell Responses Induced During TH1 Differentiation

          



          		

            P4 Affects Disease-Associated Genes Involved in TH1-Mediated Diseases

          



          		

            P4 Downregulate the Activity of Central T-Cell Activation TFs, Particularly JUN

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu.2022.835625_cover.jpg
, frontiers
in Immunology

Progesterone Inhibits the
Establishment of Activation-
Associated Chromatin During
T,1 Differentiation





OEBPS/Images/fimmu-13-835625-g002.jpg
LRl

o e Gonrl 051

Tz 170175 178 169 168
o7 o7 176 274 820 447
ow2 o7 172 260 817 442






OEBPS/Images/fimmu-13-835625-g004.jpg
Promoter

\X\\%@%

\3\‘5‘1‘5‘?

‘é’g\‘é\"\‘?\\\\‘%\\‘\\\&






