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NCOR1 Orchestrates Transcriptional Landscapes and Effector Functions of CD4+ T Cells












	
	ORIGINAL RESEARCH
published: 03 April 2020
doi: 10.3389/fimmu.2020.00579






[image: image2]

NCOR1 Orchestrates Transcriptional Landscapes and Effector Functions of CD4+ T Cells

Daniela Hainberger1, Valentina Stolz1, Ci Zhu2, Michael Schuster3, Lena Müller1, Patricia Hamminger1, Ramona Rica1, Darina Waltenberger1, Marlis Alteneder1, Thomas Krausgruber3, Anastasiya Hladik4, Sylvia Knapp3,4, Christoph Bock3,5, Michael Trauner2, Michael A. Farrar6 and Wilfried Ellmeier1*


1Division of Immunobiology, Center for Pathophysiology, Infectiology and Immunology, Institute of Immunology, Medical University of Vienna, Vienna, Austria

2Hans Popper Laboratory of Molecular Hepatology, Division of Gastroenterology and Hepatology, Department of Internal Medicine III, Medical University of Vienna, Vienna, Austria

3CeMM Research Center for Molecular Medicine of the Austrian Academy of Sciences, Vienna, Austria

4Laboratory of Infection Biology, Department of Internal Medicine I, Medical University Vienna, Vienna, Austria

5Department of Laboratory Medicine, Medical University of Vienna, Vienna, Austria

6Department of Laboratory Medicine and Pathology, Center for Immunology, Masonic Cancer Center, University of Minnesota, Minneapolis, MN, United States

Edited by:
Remy Bosselut, National Cancer Institute (NCI), United States

Reviewed by:
Motoko Kimura, Chiba University, Japan
 Mihalis Verykokakis, Alexander Fleming Biomedical Sciences Research Center, Greece

*Correspondence: Wilfried Ellmeier, wilfried.ellmeier@meduniwien.ac.at

Specialty section: This article was submitted to T Cell Biology, a section of the journal Frontiers in Immunology

Received: 12 November 2019
 Accepted: 12 March 2020
 Published: 03 April 2020

Citation: Hainberger D, Stolz V, Zhu C, Schuster M, Müller L, Hamminger P, Rica R, Waltenberger D, Alteneder M, Krausgruber T, Hladik A, Knapp S, Bock C, Trauner M, Farrar MA and Ellmeier W (2020) NCOR1 Orchestrates Transcriptional Landscapes and Effector Functions of CD4+ T Cells. Front. Immunol. 11:579. doi: 10.3389/fimmu.2020.00579



The differentiation of naïve CD4+ T cells into T helper (Th) subsets is key for a functional immune response and has to be tightly controlled by transcriptional and epigenetic processes. However, the function of cofactors that connect gene-specific transcription factors with repressive chromatin-modifying enzymes in Th cells is yet unknown. Here we demonstrate an essential role for nuclear receptor corepressor 1 (NCOR1) in regulating naïve CD4+ T cell and Th1/Th17 effector transcriptomes. Moreover, NCOR1 binds to a conserved cis-regulatory element within the Ifng locus and controls the extent of IFNγ expression in Th1 cells. Further, NCOR1 controls the survival of activated CD4+ T cells and Th1 cells in vitro, while Th17 cell survival was not affected in the absence of NCOR1. In vivo, effector functions were compromised since adoptive transfer of NCOR1-deficient CD4+ T cells resulted in attenuated colitis due to lower frequencies of IFNγ+ and IFNγ+IL-17A+ Th cells and overall reduced CD4+ T cell numbers. Collectively, our data demonstrate that the coregulator NCOR1 shapes transcriptional landscapes in CD4+ T cells and controls Th1/Th17 effector functions.
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INTRODUCTION

CD4+ T cells are key players of adaptive immunity. The generation of distinct effector T helper (Th) subsets upon activation of naïve CD4+ T cells is essential for a successful immune response against various pathogenic challenges. Th subsets are characterized by the expression of lineage-specific cytokines that contribute to the regulation of T cell-mediated immunity. However, Th cell differentiation has to be tightly controlled, since dysregulation can lead to immune-mediated diseases such as allergy, inflammation, or autoimmunity (1–3). Th lineage specification processes and effector functions are accompanied by the establishment and maintenance of lineage-specific gene expression programs that on top of key transcription factors are also regulated by epigenetic processes (4, 5). One important group of cofactors that connect repressive chromatin-modifying enzymes such as histone deacetylases (HDACs) with gene-specific transcription factors is formed by nuclear receptor corepressor 1 (NCOR1) and its related factor silencing mediator of retinoid and thyroid receptor (SMRT or NCOR2). NCOR1 was identified as a non-DNA-binding corepressor of thyroid hormone receptors and retinoic acid receptors and mediates transcriptional repression of nuclear receptors (NR) in the absence of their ligands (6). Subsequent studies demonstrated that NCOR1 interacts also with many other types of transcription factors (7–9), suggesting that NCOR1 functions as a transcriptional coregulator beyond NR-mediated control of gene expression. Germline deletion of NCOR1 results in embryonic lethality at E15.5 due to defects in CNS development and in definitive erythropoiesis (10). To investigate NCOR1 function in adult tissues and mice, conditional gene targeting approaches were performed as well as transgenic mouse models expressing mutant versions of NCOR1 were generated. These approaches demonstrated a key role for NCOR1 in the control of muscle physiology (11), in the regulation of adipocyte function (12, 13), in liver metabolism (14), in macrophage-mediated repression of atherosclerosis (15), and in dendritic cell-mediated regulation of immune tolerance (16). Collectively, these studies indicate that NCOR1 is an essential tissue-specific regulator of gene expression in mammals during development, differentiation, cell homeostasis, and metabolism (8).

The role of NCOR1 in T cells is largely unknown. Studies with NCOR1 knockout mice suggested an essential role for NCOR1 during early thymocyte development, since NCOR1-deficient fetal thymocytes displayed a developmental block at the double-negative (DN) stage in fetal thymic organ cultures (10). Recently, a conditional gene targeting approach was used to generate mice with a T cell-specific deletion of NCOR1 to analyze the role of NCOR1 in adult thymopoiesis (17, 18). Leng and colleagues showed that NCOR1 is part of the transcriptional complexes that repress the pro-apoptotic factor BIM in activated thymocytes, thereby promoting thymocyte survival during positive selection (18). Our laboratory demonstrated that NCOR1 promotes also the survival of single-positive (SP) thymocytes, since Cd4-Cre-mediated loss of NCOR1 resulted in reduced SP thymocyte numbers (17). As a consequence of the important role of NCOR1 for thymocyte survival, peripheral T cell numbers are reduced in the absence of NCOR1, indicating that NCOR1 is essential for the generation of the peripheral T cell pool (17, 18). However, whether NCOR1 regulates peripheral T cell activation, differentiation, and effector functions has not been investigated.

Here we studied, by analyzing mice with a T cell-specific deletion of NCOR1, the impact of NCOR1 deletion on CD4+ T cell activation and Th1/Th17 effector functions. By combining ChIP-seq and RNA-seq approaches, we identified NCOR1 target genes and showed that NCOR1 is an important regulator of transcriptional landscapes in naïve and effector CD4+ T cells. Further, we assessed cell proliferation and cell survival of in vitro-activated and polarized NCOR1-deficient CD4+ T cells. In addition, we employed an adoptive transfer model of colitis to study the impact of NCOR1 deletion during CD4+ T cell-mediated autoinflammation. Together, our study demonstrates a novel role for the transcriptional cofactor NCOR1 in regulating transcriptional programs and effector functions in CD4+ T cells.



MATERIALS AND METHODS


Animal Models

Animal experiments were evaluated by the ethics committees of the Medical University of Vienna and approved by the Austrian Federal Ministry for Education, Science and Research (GZ:BMWF-66.009/0105-WF/II/3b/2014, BMBWF-66.009/0039-V/3b/2019). Animals were maintained in research facilities of the Department for Biomedical Research at the Medical University of Vienna. Animal husbandry and experiments were performed under national laws in agreement with guidelines of the Federation of European Laboratory Animal Science Associations (FELASA), which correspond to Animal Research: Reporting of in vivo Experiments from the National Center for the Replacement, Refinement and Reduction of Animals in Research (ARRIVE) guidelines. Ncor1f/f mice (11) were kindly provided by Johan Auwerx. Cd4-Cre mice were kindly provided by Chris Wilson. OT-II TCR transgenic mice (19) were kindly provided by Dagmar Stoiber-Sakaguchi. NCOR1 RID mice were obtained from Jackson laboratory. CD45.1 and Rag2−/− mice were kindly provided by Jochen Hühn. Ncor1f/f, Cd4-Cre (NCOR1 cKOCd4) and Ncor1f/f OTII-tg, Cd4-Cre (OT-II, NCOR1 cKOCd4) were previously described (17). Analyzed mice were 8–12 weeks of age and of mixed sex unless otherwise stated.



Antibodies and Cytokines

The antibodies and cytokines used in this study are listed in Supplementary Table 2.



Purification of Naïve CD4+ T Cells

Spleen and lymph nodes were isolated and single cell suspensions were made using a 70 μm cell strainer (Corning) in a 6-well-plate (Sarstedt) containing PBS (Sigma) with 2% fetal bovine serum (FBS) (Sigma/biowest) (PBS/FBS). Red blood cells were removed using BD Pharm Lyse™ (BD Biosciences). Cells were resuspended in PBS/FBS containing a mastermix of biotinylated antibodies (Gr-1, B220, NK1.1, CD11b, CD11c, CD8α, and TER-119). CD4+ T cells were enriched by negative depletion using magnetic streptavidin beads (MagniSort SAV Negative Selection beads; Invitrogen) according to the manufacturer's instructions. Depleted cells were further sorted into naïve CD4+ T cells (CD25−CD44loCD62L+) on a BD FACSAria™ II (BD Biosciences) or on a SH800 (SONY).



CD4+ T Cell Activation, Differentiation, and Cell Proliferation Analysis in vitro

For Th0 conditions, sorted naïve CD4+ T cells were stimulated (day 0) with plate-bound anti-CD3ε (1 μg/ml; BD Biosciences) and anti-CD28 (3 μg/ml; BD Biosciences) on 48-well-plates (0.3 × 106 cells/well) in 1 ml T cell medium/well (RPMI1640 supplemented with 10% FBS [Sigma/biowest], antibiotics, 50 mM β-mercaptoethanol) supplemented with 20 U/ml recombinant human IL-2 (rhIL-2) (Peprotech) for 3 days, unless otherwise stated. For the assessment of cell proliferation, 1–10 × 106 naïve CD4+ T cells were labeled using Cell Proliferation Dye eFluor™ 450 (Thermo Scientific) according to the manufacturer's protocol prior to activation. Th1 and Th17 cells were generated from sorted naïve CD4+ T cells activated with anti-CD3ε/anti-CD28 for 3 days in the presence of 20 U/ml rhIL-2 (Peprotech), 5 ng/ml IL-12 (R&D Systems) and 3 μg/ml anti-IL-4 (BioXcell) for Th1 cells, and in the presence of 2 ng/ml TGFβ, 10 μg/ml IL-6, 10 μg/ml IL-1α, and 10 μg/ml IL-1β for Th17 cells. For cytokine detection, activated cells were restimulated for 4 h with phorbol 12-myristate 13-acetate (PMA, 25 ng/ml) and ionomycin (Iono, 750 ng/ml) (both from Sigma-Aldrich) in the presence of GolgiStop (BD Biosciences).



Extracellular and Intracellular Staining

Ex vivo isolated T cells and in vitro-cultured CD4+ T cells were incubated with Fc-block (1:250; BD Biosciences) followed by surface staining. Dead cells were excluded using Fixable Viability Dye eFluor® 506 or 780 (Thermo Scientific) according to the manufacturer's protocol. For intracellular cytokine stainings, cells were fixed with Cytofix Fixation Buffer (BD Biosciences), permeabilized with Perm/Wash Buffer (BD Biosciences) and stained according to the manufacturer's protocol. For intracellular transcription factor stainings, cells were fixed and permeabilized using the Foxp3 Staining Buffer Set (Thermo Scientific) according to the manufacturer's protocol and stained with the appropriate antibodies. Cells were measured with a BD LSRFortessa™ (BD Biosciences) and analyzed using FlowJo v10.2 software (TreeStar).



In vivo CD4+ T Cell Proliferation Assays

MACS-purified CD4+ T cells from OT-II, WT and OT-II, NCOR1 cKOCd4 mice were labeled with Cell Trace™ Cell proliferation dye (Thermo Fisher Scientific) according to the manufacturer's protocol. Cell tracker dye-labeled cells (0.5 × 106 cells/200 μl) were injected i.v. into CD45.1+ mice. On the next day mice were immunized into the footpad with 50 μl ovalbumin (OVA)-peptide/CFA emulsion (50% incomplete Freund's adjuvant (Sigma) supplemented with 10 mg/ml of heat-killed Mycobacterium tuberculosis (strain H37Ra; Difco) and 50% of 2 mg/ml OVA-peptide (amino acids 323-339; Sigma Aldrich) resuspended in PBS). The dLNs were harvested 3 days later. Single cell suspensions were stained with extracellular antibodies. Cells were acquired on a BD LSRFortessa™ (BD Biosciences) and analyzed using FlowJo v10.2 software (TreeStar).



Apoptosis Detection Assay

Activated CD4+ T cells were harvested at different times (0, 12, 24, and 72 h) and extracellular staining was performed as described above. The various stages of apoptotic cells were assessed using the eBioscience™ Annexin V detection Kit eFluor™ 450 (Thermo Fisher Scientific) and eBioscience™ 7-AAD Viability Staining Solution (Thermo Fisher Scientific) according to the manufacturer's protocol.



Immunization of OTII-Transgenic Mice

OT-II, WT and OT-II, NCOR1 cKOCd4 mice were s.c. immunized with OVA-peptide/CFA emulsion. The dLNs were isolated on day 3 and single cell suspensions were seeded into a 48-well-plate (4 × 106 cells in 500 μl T cell medium). On the next day the cells were either activated with PMA/Iono as described above or restimulated with OVA-peptide and Golgi Stop (BD Biosciences) for 6 h. Extracellular and intracellular stainings were performed as described above.



Lamina Propria (LP) Cell and Intraepithelial Lymphocyte (IEL) Isolation

Small intestines (SIs) were isolated and transferred into petri dishes with HBSS on ice. The stool was removed and SIs were cut longitudinally into small pieces. Tissue fragments were transferred into a tube with 30 ml wash solution [1 X HBSS, HEPES-bicarbonate (pH 7.2) and 2% FBS] and vortexed for 15 s to remove the mucus. Further tissue fragments were purified via filtering through a 100 μm cell strainer and the tissues remaining in the filters were transferred into a new tube. Washing steps were repeated two more times. Subsequently, intestinal tissues were transferred in a new petri dish with HBSS and cut into very tiny pieces. The cut tissue fragments were put in a new tube and incubated with EDTA solution (10% FBS, 1 X HBSS, 15 mM HEPES, 1 mM EDTA, pH 7.2) at 37°C for 15 min while shaking at 200 rpm. Afterwards, the solution was passed through a 100 μm filter and the IEL-containing flow-through was washed with RPMI/10% FBS and centrifuged at 600 g for 7 min. The cell pellet was resuspended in collagenase D solution (RPMI1640 supplemented with 1 mM MgCl2, 1 mM CaCl2, 5% FBS, and 100 units/ml collagenase D (Gibco™, Thermo Fisher Scientific) and incubated at 37°C for 30 min while shaking at 200 rpm. The remaining tissue pieces of the EDTA incubation step were washed with RPMI/10% FCS and digested with collagenase D solution for 1 h at 37°C while shaking at 200 rpm to isolate lamina propria cells. After collagenase D digestion, IELs or LP cells were resuspended in DMEM containing 40% Percoll (GE Healthcare), overlayed with DMEM/80% Percoll and centrifuged at room temperature for 30 min at 2,000 rpm at low acceleration/deceleration settings. Cells from the gradient interface were collected, washed and resuspended in PBS/FBS.



Adoptive CD4+ T Cell Transfer Model of Colitis and Analysis of Tissues

0.5 × 106 naïve WT and NCOR1 cKOCd4 CD4+ T cells were i.p. injected into Rag2−/− mice. Recipient mice were analyzed after 8 weeks. Spleens, mLNs, SI-LP cells, and SI-IELs were isolated and cells were analyzed by extracellular or intracellular stainings as described above. For histological analysis, swiss rolls were prepared from coli of diseased mice as described (20).



Histology and Multicolor Immunofluorescence Microscopy

Fixed tissue samples were preceded with a tissue processor (Thermo Fisher Scientific). For hematoxylin and eosin (H&E) stainings, histologic evaluation was performed on 5 μm thick sections and stained with hematoxylin and eosin. High power field images (i.e. 400x magnification) were collected from each colon tissue. For immunofluorescence staining, tissue sections were heated with the antigen retrieval buffer (citrate buffer, pH 6) to 95°C and blocked with 10% goat serum in PBS. Sections were subsequently incubated with rabbit anti-CD3 and bound antibodies were visualized with Alexa Fluor 488 anti-rabbit. Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI). Immunostained sections were scanned using an Olympus fluorescence microscope. Four representative high power field images were captured from each colon and processed using Olympus cellSens software.



RNA Sample Preparation and RNA Sequencing

CD4+ T cells were isolated from spleen and lymph nodes and naïve CD4+ T cells (CD25−CD44loCD62L+) were sorted or polarized into Th1/Th17 lineage as described above. RNA from 3 × 106 cells was isolated with QIAshredder, RNaeasy Mini Kit, and RNase-Free DNase Set (Qiagen) according to manufacturer's protocol. Three biological replicates were generated for each genotype and T cell subset. The amount of RNA was estimated with Qubit 2.0 Fluorometer (Thermo Fisher Scientific) and the RNA integrity number with Experion Automated Electrophoresis System (Bio-Rad). RNA-seq libraries were prepared. The libraries were sequenced by the Biomedical Sequencing Facility at CeMM using the Illumina HiSeq 3000/4000 platform and the 50 bp single-read configuration. Final RNA-seq data included infinite fold change (FC) values, which were excluded for the generation of volcano plots. Venn diagrams were generated with the Venny 2.1 online tool (21).



ChIP Sequencing Sample Preparation

Naïve CD4+ T cells (CD25−CD44loCD62L+) were isolated as described above and 3 × 106 cells were used for each of the two biological replicates. ChIP was performed using anti-NCOR1 (Cell Signaling Technology; #5948S). Cells were processed according to the ChIPmentation protocol (22). DNA amount was measured with Qubit 2.0 Fluorometer (Thermo Fisher Scientific) and the DNA integrity with a Bioanalyzer (Agilent). The libraries were sequenced by the Biomedical Sequencing Facility at CeMM using the Illumina HiSeq 3000/4000 platform and the 50 bp single-read configuration.



ChIP Sequencing Analysis

The sequencing data in base call (BCL) format were converted via custom software based on Picard tools in a workflow relying on unaligned BAM files. NGS adapter sequences annotated by Picard tools via BAM XT tags were hard masked during FASTQ format conversion (Picard SamToFastq), before NGS reads were aligned with the Bowtie2 short read aligner (23) (version 2.2.5) to the GRCm38 (UCSC mm10) reference genome assembly (24) in end-to-end mode. The resulting alignment files were post-processed, including propagation of raw data annotation (Picard MergeSamAlignment). Peaks were characterized with the MACS2 callpeak algorithm (25) (version 2.1.2) following factor-specific protocols provided by the developers (26). The MACS2 bdgcmp algorithm was used in Poisson P-value with Benjamini-Hochberg false discovery rate (qpois), log fold-enrichment (logFE) and subtraction modes to generate corresponding signal plots linked into a UCSC Genome Browser track hub for visualization of the data set. For samples with two or more replicates, a differential binding analysis was carried out utilizing the Bioconductor DiffBind package (27) (version 2.12.0). Based on peak regions previously defined by MACS2 for each sample, DiffBind compiled a consensus peak set and tested for significantly differentially occupied peaks by means of the Bioconductor DESeq2 package. A set of contrasts was extracted from the generalized linear model and the resulting peak lists were annotated with the Bioconductor ChIPpeakAnno package (28) (version 3.18.2). Based on genome sequence regions underlying the consensus peak set, de novo motifs were characterized via the Bioconductor rGADEM package (29).



Statistical Analysis

No statistical methods were used to predetermine the sample size. The data shown indicate the mean. The number of independent experiments for each data set requiring a statistical analysis is provided in each figure legend. The statistical analyses were performed using Prism 8 Software (GraphPad Inc). As indicated in each figure legend, P-values were calculated with an unpaired two-tailed t-test, paired t-test (a normal distribution of data points was assumed) or with one-way ANOVA. No data were excluded and no specific randomization of animals or blinding of investigators was applied.




RESULTS


NCOR1 Regulates Transcriptional Landscapes in Naïve CD4+ T Cells

Previous studies have shown that NCOR1 regulates the survival of thymocytes during negative and positive selection and that as a consequence a T cell-specific loss of NCOR1 leads to a 2-fold reduction of peripheral T cell numbers (17, 18). These results indicate that NCOR1 is also crucial for the generation of the peripheral T cell pool. To investigate whether NCOR1 is required for the maintenance of CD4+ T cell homeostasis and function, we performed a genome-wide transcriptome analysis using RNA sequencing (RNA-seq) approaches and compared the transcriptional profiles of WT and Ncor1f/f, Cd4-Cre (designated as NCOR1 cKOCd4 throughout the manuscript) naïve CD4+ T cells (CD25−CD44loCD62L+). This revealed a dysregulation of 2,261 genes, with 1,010 genes upregulated, and 1,251 genes downregulated (FDR ≤ 0.05 was used as selection criteria) in the absence of NCOR1 (Figure 1A). To identify potential NCOR1 target genes, we mapped the genome-wide distribution of NCOR1 binding sites in naïve CD4+ T cells using chromatin immunoprecipitation followed by high-throughput sequencing approaches (ChIP-seq). Using this experimental approach we identified genome-wide 1,274 NCOR1 binding peaks in naïve CD4+ T cells, with a large fraction of binding sites in promoters, introns and intergenic regions (Figure 1B, Supplementary Figure 1). These 1,274 binding peaks map to 1,042 gene loci, which were used for further analysis. Moreover, a de novo motif search revealed an enrichment of an E-box motif (30) (CANNTG) (Figure 1C). Analysis of the 1,042 NCOR1 bound gene loci with the 1,010 genes upregulated in NCOR1 cKOCd4 T cells revealed an overlap of 76 genes, suggesting a direct repression of these genes by NCOR1 (Figure 1D, left Venn diagram; Supplementary Table 1). Of note, from the 1,251 genes downregulated in the absence of NCOR1, 70 gene loci contained NCOR1 binding sites (Figure 1D, right Venn diagram; Supplementary Table 1). Further, to identify the impact of the transcriptional changes on cellular processes and function, we performed a gene set enrichment analysis (GSEA) (31–33). This revealed enrichment of the hallmark gene sets “MTORC1 signaling,” “G2M checkpoint,” “cholesterol homeostasis,” “Myc targets v1,” “E2F targets,” and “inflammatory response” in NCOR1 cKOCd4 naïve CD4+ T cells (Figure 1E, Supplementary Figure 2A). Together, these data indicate an essential role for NCOR1 in setting up transcriptional programs in naïve CD4+ T cells.


[image: Figure 1]
FIGURE 1. NCOR1-dependent transcriptional profile and NCOR1 target genes in naïve CD4+ T cells. (A) RNA was isolated from naïve WT and NCOR1 cKOCd4 CD4+ T cells and subjected to RNA sequencing. Three independent WT and NCOR1 cKOCd4 CD4+ T cells batches were prepared on the same day. Volcano plot depicts a comparison of global gene expression profiles between naïve WT and NCOR1 cKOCd4 CD4+ T cells. The x-axis displays fold change (log2) and the y-axis indicates P-values (–log10). 1,010 and 1,251 genes were up- and downregulated in NCOR1 cKOCd4 CD4+ T cells (FDR ≤ 0.05 was used as selection criteria). (B) NCOR1 ChIP-sequencing of naïve WT CD4+ T cells revealed 1,274 significant NCOR1 binding peaks. Two independent batches were sequenced. The donut chart shows the distribution of NCOR1 binding peaks across the genome of naïve WT CD4+ T cells (promoters, introns, intergenic regions, immediate downstream, exons, 5′ untranslated regions (UTRs), and 3′ UTRs). The 1,274 binding peaks mapped to 1,042 genes, and this gene list was used for further analysis. (C) Sequence shows DNA-binding motif enriched within NCOR1 recruitment sites as revealed with the Bioconductor rGADEM package. (D) Venn diagrams showing an overlay of NCOR1-bound genes (gray) with genes that are up- (left Venn diagram) and downregulated (right Venn diagram) in NCOR1-deficient naïve CD4+ T cells. (E) Gene set enrichment analysis (GSEA) plots generated from RNA-seq expression data of WT and NCOR1 cKOCd4 naïve CD4+ T cells. Gene sets of the hallmark gene set collection of the Molecular Signature Database (MSigDB) were used. The top 6 enriched hallmark gene sets are shown. A detailed list of differentially expressed genes within these hallmark gene sets is provided in Supplementary Figure 2A. The bar codes indicate the location of the members of the gene set in the ranked list of all genes. FDR, false discovery rate; NES, normalized enrichment score.




Reduced Survival of Naïve NCOR1-Deficient CD4+ T Cells Upon Activation

We next determined the impact of the transcriptional changes and the dysregulation of various cellular processes in the absence of NCOR1 on TCR-mediated activation of NCOR1 cKOCd4 CD4+ T cells. Upon anti-CD3ε/anti-CD28 stimulation, WT CD4+ T cells formed typical lymphoblasts after 3 days, while the frequency of NCOR1-deficient CD4+ T cell lymphoblasts was severely reduced (Figures 2A,B). Of note, NCOR1-deficient CD4+ T cell blasts did not escape Ncor1 deletion (Supplementary Figure 3A). CD25 and CD69, two early activation markers, were both upregulated to a similar degree in WT and NCOR1 cKOCd4 CD4+ T cells on day 1 of T cell stimulation (Figure 2C), suggesting that the reduction in T cell blasts in the absence of NCOR1 was not due to early TCR signaling defects. However, the percentage of viable in vitro-activated NCOR1 cKOCd4 CD4+ T cells on day 3 was significantly reduced in comparison to in vitro-activated WT CD4+ T cells, suggesting a diminished survival rate of NCOR1-deficient T cells upon activation (Figures 2D,E). To obtain insight into the kinetics of apoptosis induction in NCOR1-deficient CD4+ T cells, we activated WT and NCOR1 cKOCd4 CD4+ T cells for 12, 24, and 72 h with anti-CD3ε/anti-CD28 and assessed cell survival by performing Annexin V and 7-AAD stainings (Supplementary Figure 3B). Already 12 h after activation, the fraction of viable (i.e., AnnexinV−/7-AAD−) NCOR1 cKOCd4 CD4+ T cells was reduced (Supplementary Figure 3C), while there was a significant increase in late-stage apoptotic cells (i.e., AnnexinV+/7-AAD+) (Supplementary Figure 3D). In previous studies, we (17) and others (18) identified that the pro-apoptotic protein BIM (encoded by Bcl2l11) is strongly upregulated in NCOR1-deficient thymocytes. A similar upregulation of BIM was also observed in in vitro-activated NCOR1 cKOCd4 CD4+ T cells compared to in vitro-activated WT CD4+ T cells (Supplementary Figures 3E,F). However, the in vitro-activated NCOR1 cKOCd4 CD4+ T cells that were viable displayed increased percentages of IL-2, TNFα, and IFNγ-expressing cells (Figures 2F,G). Further IL-2, TNFα, and IFNγ cytokine expression levels were enhanced compared to in vitro-activated WT CD4+ T cells, indicating a regulatory role for NCOR1 in controlling cytokine expression in activated CD4+ T cells (Figure 2H).
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FIGURE 2. NCOR1 controls the survival of in vitro-activated CD4+ T cells. (A) Naïve WT and NCOR1 cKOCd4 CD4+ T cells were activated with anti-CD3ε/anti-CD28 and cultured in the presence of recombinant hIL-2 for 3 days (= Th0 condition). Pseudocolor plots show side scatter (SSC-A) vs. forward scatter (FSC-A). Regions indicate T cell blasts. (B) Summary diagram shows the percentage of T cell blasts from all experiments performed as described in (A). (C) Representative histograms depict expression of CD25 (left) and CD69 (right) on WT and NCOR1 cKOCd4 Th0 cells before (0 h; upper histograms) and 24 h (lower histograms) after activation. (D) Representative contour plots of viability dye vs. side scatter (SSC-A) for WT and NCOR1 cKOCd4 Th0 cells. (E) Summary of all experiments performed as described in (D) shows percentages of viable WT and NCOR1 cKOCd4 Th0 cells. (F) Contour plots depict IL-2, TNFα, and IFNγ vs. CD4 expression in WT and NCOR1 cKOCd4 Th0 cells. (G) Summary showing results of all experiments as described in (F). (H) Summary graphs depicting cytokine expression levels as mean fluorescence intensity (MFI). For each experiment, WT levels were set as 1 and relative MFI of IL-2, TNFα, and IFNγ are shown. (I) MACS-purified naïve WT and NCOR1 RID cKOCd4 CD4+ T cells were activated as described in (A). Pseudocolor plots show side scatter (SSC-A) vs. forward scatter (FSC-A) for WT and NCOR1 RID cKOCd4 Th0 cells. (J) Summary diagrams of all experiments performed as described in (I) showing the percentages of WT and NCOR1 RID cKOCd4 Th0 blast cells. (K) Contour plots of viable WT and NCOR1 RID cKOCd4 Th0 cells. (L) Percentages of viable WT and NCOR1 RID cKOCd4 Th0 cells from all experiments as described in (K). (M) Representative histograms depict expression of CD44 on WT and NCOR1 RID cKOCd4 Th0 cells before (0 h, upper histograms) and 72 h (lower histograms) after activation. (B,L) The horizontal bars indicate the mean. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, not significant (unpaired two-tailed t-test or paired t-test for E,G,J). (A,D,F,I,K) Numbers indicate the percentage of cells in the respective regions. (E,G,J) Lines indicate paired experiments. Data are representative (A,C,D,F,I,K,M) or show summary (B,E,G,H,J,L) of 7 (B), 3 (J,L), 8 (E), and 5–6 (G,H) samples that were analyzed in 3–8 independent experiments.


To assess whether the increase in cytokine expression is linked with changes in cell proliferation in the absence of NCOR1, and to test whether proliferating and/or non-proliferating cells display reduced survival, naïve WT and NCOR1 cKOCd4 CD4+ T cells were labeled with cell proliferation dye and activated with anti-CD3ε/anti-CD28. Overall, the fraction of cells that divided at least once was significantly higher in WT cells compared to NCOR1-deficient CD4+ T cells (Supplementary Figures 4A,B). Further, the percentage of surviving CD4+ T cells was higher among the cells that proliferated in comparison to cells that have not proliferated, and the viability of WT CD4+ T cells was in both cases higher than the viability of NCOR1 cKOCd4 CD4+ T cells (Supplementary Figures 4C–F; upper panels). Nevertheless, the percentage of IFNγ-expressing cells was significantly increased and there was also a tendency that the percentage of IL-2 and TNFα-expressing cells is increased among the alive and dividing NCOR1-deficient CD4+ T cells compared to WT CD4+ T cells (Supplementary Figures 4C,D). Together, these data demonstrate that NCOR1 is essential for the survival of in vitro-activated CD4+ T cells and that NCOR1 regulates the percentage of cytokine-expressing cells as well as cytokine expression levels.



Nuclear Receptor Interaction Domains of NCOR1 Are Dispensable for Survival of Activated CD4+ T Cells

NCOR1 mediates ligand-independent transcriptional repression of nuclear receptors (6). The binding of NCOR1 to unliganded nuclear receptors is mediated by three C-terminal receptor interaction domains (RID1-3) (36). To test whether NCOR1 requires nuclear receptor binding for promoting survival of in vitro-activated CD4+ T cells, we analyzed mice in which NCOR1 conditionally lacks RID2 and RID3 in T cells (NCOR1 RID cKOCd4) and thus does not interact with certain nuclear receptors (14, 37). Lymphoblast formation (Figures 2I,J) and viability (Figures 2K,L) of in vitro-activated NCOR1 RID cKOCd4 CD4+ T cells was comparable to WT CD4+ T cells. Further, the late activation marker CD44 was similarly upregulated in in vitro-activated WT and NCOR1 RID cKOCd4 CD4+ T cells after 72 h (Figure 2M). Thus, the ability of NCOR1 to interact with nuclear receptors via RID2 and RID3 is not essential for promoting CD4+ T cell viability upon activation.



IFNγ Expression Is Enhanced in NCOR1-Deficient Th1 Cells

Next we studied whether NCOR1 functions as a key factor controlling signature cytokine and transcription factor expression, proliferation, and cell viability in differentiated Th1 and Th17 cells. We observed an increase in the percentage of IFNγ-expressing cells as well as an increase in IFNγ expression levels in NCOR1 cKOCd4 CD4+ T cells activated under Th1-polarizing conditions, while T-bet expression was not changed in the absence of NCOR1 (Figures 3A–C). Further, the fraction of NCOR1 cKOCd4 Th1 cells that proliferated was reduced compared to WT Th1 cells (Figures 3D,E). There was also diminished viability of proliferating and non-proliferating NCOR1-deficient Th1 cells in comparison to their WT Th1 cell counterparts (Figures 3F–I; upper panel), while the percentage of IFNγ-expressing cells was enhanced in proliferating NCOR1 cKOCd4 Th1 cells (Figures 3F,G; lower panel). In addition, our ChIP-seq experiments indicated NCOR1 binding in naïve CD4+ T cells to a region approx. 22 kb upstream of the Ifng promoter region (Figure 3J). This region, known as CNS-22, represents a conserved distal regulatory sequence essential for IFNγ expression (38, 39). A search in the ImmGen ATAC-seq database (40) further revealed an open chromatin region in naïve CD4+ T cells overlapping with the NCOR1 binding site (Figure 3J). Together with the observation that Ifng expression is also enhanced in NCOR1-deficient Th1 cells at RNA level (Figure 3K, Supplementary Table 3), these data suggest that Ifng is a NCOR1 target gene and that NCOR1 controls the extent of IFNγ expression in Th1 cells.
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FIGURE 3. Enhanced IFNγ expression in NCOR1-deficient Th1 cells. (A) Naïve WT and NCOR1 cKOCd4 CD4+ T cells were activated with anti-CD3ε/anti-CD28 for 3 days in the presence of Th1-inducing cytokines. Contour plots depict T-bet and IFNγ expression. (B) Summary of all experiments performed as described in (A). (C) Summary graph of mean fluorescence intensity of IFNγ expression levels. For each experiment, WT levels were set as 1 and relative IFNγ levels were calculated. (D) Representative histograms depict proliferation. Regions mark divided (left) and undivided cells (right). (E) Diagram showing the percentages of cells that underwent at least one cell division. (F) Contour plots in the upper panel show viability dye vs. side scatter (SSC-A) for WT and NCOR1 cKOCd4 Th1 cells with at least one cell division (left region in D). The lower contour plot panel depicts T-bet and IFNγ expression within proliferated WT and NCOR1 cKOCd4 Th1 cells. (G) Summary shows percentages of viable cells (upper graph) and percentages of T-bet+IFNγ+ cells (lower graph). (H) Contour plots show viability dye vs. side scatter (SSC-A) for WT and NCOR1 cKOCd4 Th1 cells of undivided cells (right region in D). (I) Summary shows percentages of viable undivided cells. (J) Integrative Genomics Viewer (IGV) (34, 35) screen shot displaying the Ifng gene locus. ImmGen consortium ATAC-seq peaks (GSE 100738) of splenic naïve CD4+ T cells are shown in the 1st row. The 2nd and 3rd rows display ChIP-seq tracks from WT and NCOR1 cKOCd4 naïve CD4+ T cells, respectively. Rows 4–7 display RNA-seq tracks from in vitro-generated WT and NCOR1 cKOCd4 Th1 and Th17 cells. (K) Diagrams show the summary of Ifng FPKM values obtained by RNA sequencing of naïve CD4+ T cells, and of in vitro-generated Th1 and Th17 cells. (B,E) The horizontal bars indicate the mean. *P < 0.05, **P < 0.01, ****P < 0.0001, ns, not significant (unpaired two-tailed t-test or paired t-test for G,I). (G,I) Lines indicate paired experiments. (A,D,F,H) Numbers indicate the percentage of cells in the respective quadrants or regions. Data are representative (A,D,F,H) or show summary of 6 (B,C) and 3 (E,G,I,K) samples that were analyzed in 6 (B,C) and 3 (E,G,I,K) independent experiments.


In contrast to Th1 cells, WT and NCOR1 cKOCd4 Th17 cells displayed similar percentages of IL-17A and RORγt-expressing cells (Supplementary Figures 5A,B), although IL-17A expression levels were slightly enhanced in the absence of NCOR1 (Supplementary Figure 5C). The fraction of cells that proliferated at least once was slightly reduced in NCOR1 cKOCd4 Th17 cells compared to WT Th17 cells (Supplementary Figures 5D,E), however there was no difference in the viability between WT and NCOR1 cKOCd4 proliferating or non-proliferating Th17 cells (Supplementary Figures 5F–I, upper panel). Further the percentage of IL-17A-expressing cells was similar in WT and NCOR1 cKOCd4 divided Th17 cells. This data indicate that Th17-polarizing cytokines restore cell viability of NCOR1-deficient activated CD4+ T cells. Of note, NCOR1 cKOCd4 Th17 cells displayed only a very weak induction of Ifng expression compared to WT Th17 cells (Figures 3J,K), which did not express IFNγ at all. This indicates that NCOR1 does not restrain Ifng expression in Th17 cells.



NCOR1 Is a Key Regulator of Transcriptional Landscapes in Th1 and Th17 Cells

To expand the characterization of NCOR1-deficient Th1 and Th17 cells to a genome-wide level, we determined their NCOR1-dependent transcriptomes using RNA-seq approaches. NCOR1-deficient Th1 cells differentially expressed 4,540 genes (2,406 down- and 2,134 upregulated; FDR ≤ 0.05) (Supplementary Figure 6A, left volcano plot), while in NCOR1-deficient Th17 cells there were 5,436 genes dysregulated (2,872 down- and 2,564 upregulated; FDR ≤ 0.05) (Supplementary Figure 6A, right volcano plot). A principal component analysis (PCA) comparing WT and NCOR1-deficient naïve CD4+ T cells, Th1, and Th17 transcriptomes indicated grouping of particular Th subsets between WT and NCOR1-deficient CD4+ T cells (Supplementary Figure 6B). This suggests that overall Th subset-specific transcriptional programs are maintained in the absence of NCOR1. A detailed analysis of key Th effector genes revealed an upregulation of cytokine genes including Il2, Il10, and Il22 (Supplementary Figures 7A,B), and an induction of cytokine receptors such as Il7r and Ildr1 (Supplementary Figures 7C,D) as well as chemokine receptor genes such as Ccr1, Ccr2, Ccr3 Ccr4, Ccr5, Ccr8, Cxcr5, and Cxcr6 (Supplementary Figures 7E,F) in NCOR1-deficient Th1 and Th17 cells (Supplementary Figures 7A–F, Supplementary Table 3). In contrast, cytokine receptors such as Ifnar1, Il17ra, and Il3ra (Supplementary Figures 7C,D) and chemokine receptors such as Ccr7, Cxcr1, and Ccrl2 were downregulated in NCOR1-deficient Th1 and Th17 cells (Supplementary Figures 7C–F, Supplementary Table 3). Further, GSEA of Th1 and Th17 RNA-seq datasets revealed an enrichment of hallmark gene sets in NCOR1-deficient Th1 cells such as “Kras signaling up,” “P53 pathway,” “TGFβ signaling,” “Myc targets v2,” and “IL-2 STAT5 signaling,” while in NCOR1-deficient Th17 cells “E2F targets,” “Myc targets v1,” “Myc targets v2,” “G2M checkpoint,” and “oxidative phosphorylation” hallmark gene sets were enriched (Supplementary Figure 6C). The gene set “Myc targets v2” was enriched in both NCOR1 cKOCd4 Th1 and Th17 subsets. These data indicate that NCOR1 is a key regulator of transcriptional landscapes in Th1 and Th17 cells. Of note, Ncor1 is expressed at highest levels in naïve CD4+ T cells followed by lower expression levels in Th17 and Th1 cells (Supplementary Figure 7G, Supplementary Table 3).

Next, we aimed to specifically identify NCOR1-regulated Th1 and Th17 lineage genes, as well as genes that are regulated by NCOR1 only during T cell activation and not during lineage specification. We first defined gene lists specific for WT Th1 cells (i.e., by comparing RNA-seq data from WT Th1 vs. WT naïve CD4+ T cells) and WT Th17 cells (WT Th17 vs. WT naïve CD4+ T cells) (Supplementary Figure 8). This revealed 10,880 Th1 genes and 10,468 Th17 genes, either Th1/17 lineage-specific or altered due to T cell activation. In a subsequent step, by comparing these Th1 and Th17 gene lists, we identified 2,264 Th1 lineage-specific genes and 1,856 Th17 lineage-specific genes. Further, 8,609 genes were differentially expressed both in Th1 and Th17 cells compared to naïve CD4+ T cells and hence designated as “activation-dependent” genes. Subsequently, the lineage-specific or activation-dependent gene lists were compared with the list of genes differentially expressed between WT and NCOR1-deficient Th1 or Th17 cells. This revealed a dysregulation of 666 Th1 lineage-specific genes and 3,030 activation-dependent genes in Th1 cells in the absence of NCOR1, while in NCOR1 cKOCd4 Th17 cells 498 Th17 lineage-specific genes and 3,855 activation-dependent genes were dysregulated. Finally, the overlay of NCOR1 ChIP-seq peaks (naïve CD4+ T cells) with the dysregulated genes from the previous analysis revealed 31 (17 up-, 14 downregulated) potential Th1 lineage-specific NCOR1 target genes and 12 (5 up-, 7 downregulated) Th17 lineage-specific NCOR1 target genes. The majority of NCOR1 target genes were activation-dependent genes, with 194 genes (101 up-, 93 downregulated) dysregulated in Th1 cells and 248 genes (76 up-, 172 downregulated) dysregulated in Th17 cells. This indicates that NCOR1 target genes are rather related to overall T cell activation and less to Th1/Th17 lineage specification (Supplementary Table 1).



Altered Cytokine Expression of NCOR1-Deficient CD4+ T Cells in vivo

To study the impact of NCOR1 deletion on CD4+ T cell proliferation, expansion, and cytokine expression in vivo, we crossed WT and NCOR1 cKOCd4 mice with OT-II TCR transgenic mice, which express a TCR restricted to MHC class II (19). MACS-purified CD45.2+ OT-II, WT and CD45.2+ OT-II, NCOR1 cKOCd4 CD4+ T cells were transferred into recipient CD45.1+ mice followed by immunization with OVA-peptide/CFA and subsequent assessment of cell proliferation in the draining lymph node (dLN) of recipient mice (Figure 4A). The percentages of CD45.2+ OT-II, NCOR1 cKOCd4 CD4+ T cells were reduced compared to CD45.2+ OT-II, WT CD4+ T cells (Figures 4B,C, upper panel). However, transferred WT and NCOR1-deficient CD45.2+ OT-II CD4+ T cells proliferated at a similar degree (Figures 4B,C, lower panel), suggesting impaired survival of transferred NCOR1-deficient CD4+ T cells upon activation. To assess IFNγ expression upon activation in vivo, we immunized OT-II, WT and OT-II, NCOR1 cKOCd4 mice with OVA-peptide/CFA or PBS/CFA as a control. After 3 days, dLN cells were isolated and restimulated with OVA-peptide (Figure 4D). Intracellular cytokine staining revealed a strong increase in the percentage of IFNγ-producing CD4+ T cells in OT-II, NCOR1 cKOCd4 mice (Figures 4E,F) as well as IFNγ expression levels (Figure 4G), similar to in vitro-generated NCOR1-deficient Th1 cells (Figures 3A–C). We also observed a slight increase in the number of IFNγ-expressing cells (Figure 4H). In addition, there was also an increase in the percentage of IL-17A-expressing OTII, NCOR1 cKOCd4 CD4+ T cells compared to OTII, WT CD4+ T cells (Figures 4I,J), while IL-17A expression levels were not changed (Figure 4K). Of note, absolute cell numbers of IL-17A-expressing cells were reduced in the absence of NCOR1 (Figure 4L). Together, these data indicate that loss of NCOR1 affects both IFNγ and IL-17A expression in vivo.
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FIGURE 4. IFNγ and IL-17A expression in NCOR1-deficient CD4+ T cells is increased upon in vivo short-term activation. (A) Experimental set up: Naïve OT-II,WT or OT-II,NCOR1 cKOCd4 CD4+ T cells (CD45.2+) were labeled with cell tracker dye and transferred into CD45.1+ recipient mice (day −1). Mice were immunized s.c. with OVA-peptide/CFA (day 0) and draining lymph node (dLN) cells were analyzed on day 3. (B) Contour plots (upper panel) show CD45.1+CD45.2− and CD45.1−CD45.2+ subsets in dLNs. Histograms (lower panel) depict cell proliferation dye dilution of transferred CD45.2+ T cells. Left region indicates cells that underwent >5 cell divisions. (C) Summary of all experiments performed as described in (B). Upper graph shows the percentage of CD45.2+ cells in the dLN (day 3). Lower graph shows the percentage of CD45.2+ cells that divided more than 5 times (day 3). (D) Experimental set up: OT-II,WT and OT-II,NCOR1 cKOCd4 mice were immunized s.c. with OVA-peptide/CFA. 3 days later dLNs were restimulated with OVA-peptide and analyzed. (E) Contour plots depict IFNγ production of restimulated CD4+ T cells isolated from OT-II,WT and OT-II,NCOR1 cKOCd4 mice that have been treated as described in (D). (F) Summary graph shows the percentage of IFNγ-producing CD4+ T cells in dLNs after immunization with OVA-peptide or PBS/CFA control on day 3. (G) Summary graph depicts mean fluorescence intensity (MFI) expression levels of IFNγ. (H) Summary showing cells numbers of IFNγ+ CD4+ T cells. (I) Contour plots depict IL-17A expression in restimulated OT-II,WT and OT-II,NCOR1 cKOCd4 CD4+ T cells. (J) Summary graph shows the percentage of IL-17A-producing CD4+ T cells in dLNs after immunization with OVA-peptide or PBS/CFA control (day 3). (K) Summary graph depicts mean fluorescence intensity (MFI) expression levels of IL-17A. (L) Summary showing cell numbers of IL-17A+ CD4+ T cells. (C,F,H,J,L) The horizontal bars indicate the mean. *P < 0.05, **P < 0.01, ns, not significant (unpaired two-tailed t-test or ordinary one-way ANOVA for F,H,J,L). (B,E,I) Numbers indicate the percentage of cells in the respective quadrants or regions. Data are representative (B,E,I) or show summary (C,F–H,J–L) of 8–9 (C) and 3–11 (F–H,J–L) mice that were analyzed in 3 independent experiments.




Attenuated Colitis Induction by NCOR1-Deficient Naïve CD4+ T Cells

Next, we investigated the impact of NCOR1 deletion on CD4+ T cell-mediated autoinflammation. Due to reduced numbers of peripheral T cells in NCOR1 cKOCd4 mice (17), we employed an adoptive CD4+ T cell transfer model of colitis to start with comparable numbers of WT and NCOR1 cKOCd4 CD4+ T cells. In this model, the disease is accompanied by body weight reduction, colon length shortening, infiltration of immune cells, and loss of crypt structure in recipient mice (41). Naïve WT and NCOR1 cKOCd4 CD4+ T cells were transferred into Rag2−/− hosts (Figure 5A) and body weight was monitored over a period of 8 weeks. While Rag2−/− mice receiving WT CD4+ T cells displayed a body weight loss of approx. 20% after 8 weeks, the transfer of NCOR1-deficient CD4+ T cells did not induce weight loss in Rag2−/− mice over the 8 week period, similar to control Rag2−/− mice that did not receive any CD4+ T cells (Figure 5B). Furthermore, colon length of Rag2−/− recipients that received WT CD4+ T cells was significantly shorter than the colon length of Rag2−/− mice receiving NCOR1-deficient CD4+ T cells (Figures 5C,D). A histological assessment including an immunofluorescence analysis of the colon after 8 weeks showed massive infiltration of T cells and loss of crypt structure in Rag2−/− mice receiving WT CD4+ T cells. In contrast, the colon of Rag2−/− mice that received NCOR1 cKOCd4 CD4+ T cells was less inflamed (Figure 5E). An analysis of the transferred CD4+ T cells in Rag2−/− recipient mice revealed a tendency (although statistically not significant) of reduced percentages and numbers of small intestine NCOR1 cKOCd4 TCRβ+ CD4+ IELs (SI-IEL) and LP cells (SI-LP) in comparison to Rag2−/− recipients receiving WT CD4+ T cells. In contrast, there was a significant reduction of the percentages and numbers of transferred NCOR1 cKOCd4 TCRβ+ CD4+ T cells in the spleen and mLNs of recipient mice in comparison to transferred WT TCRβ+ CD4+ T cells (Figures 6A,B). This suggests a tissue-specific effect on the maintenance of NCOR1 cKOCd4 TCRβ+ CD4+ T cells upon transfer. Moreover, ex vivo stimulation of T cells isolated from various tissues and assessment of IFNγ and IL-17A expression revealed that IFNγ-producing cells (IFNγ+IL-17A−) as well as IFNγ and IL-17A-double producers (IFNγ+IL-17A+) were reduced in the absence of NCOR1, while the percentage of IL-17A-expressing cells (IFNγ−IL-17A+) was not changed (Figures 6C,D). Of note, IL-10-producing cells were reduced within NCOR1-deficient SI-IELs and SI-LP cells (Supplementary Figures 9C,D). This indicates that NCOR1 controls cytokine expression in effector CD4+ T cell subsets.
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FIGURE 5. Attenuated induction of colitis by NCOR1-deficient CD4+ T cells. (A) Experimental set up: Naïve WT or NCOR1 cKOCd4 CD4+ T cells were i.p. injected into Rag2−/− mice. Eight weeks later, recipient mice were immunophenotyped and analyzed for signs of colitis. Control Rag2−/− groups did not receive any cells. (B) Diagram showing body weight during the course of the experiment. Body weight at the indicated time point was calculated relative to the initial body weight. (C) Representative pictures show colon length of Rag2−/− control mice and of Rag2−/− mice that have received either naïve WT or NCOR1 cKOCd4 CD4+ T cells. (D) Diagram shows colon length of Rag2−/− mice that have received either naïve WT or NCOR1 cKOCd4 CD4+ T cells. Length was measured without cecum. (E) Colon swiss rolls were processed for H&E stainings (upper and middle panel). The white rectangle framed pictures in the lower left corner of the middle panel pictures show a 4x magnification of the black rectangle framed section. The lower panel shows immunofluorescence stainings. Color code: blue, nuclei; green, CD3+ T cells. Magnification: H&E stainings (upper panel: 40x; middle panel: 100x; and 400x for zoomed in sections) and immunofluorescence stainings (lower panel: 400x). (D) Horizontal bar indicates the mean. *P < 0.05, **P < 0.01 (unpaired two-tailed t-test). Data are representative (C,E) or show summary (B,D) of 7–8 (B–E) mice that were analyzed in 2–3 independent experiments.
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FIGURE 6. Homeostasis and cytokine expression of NCOR1-deficient CD4+ T cells upon transfer. (A) Naïve WT or NCOR1 cKOCd4 CD4+ T cells were i.p. injected into Rag2−/− mice and 8 weeks later transferred CD4+ T cells in recipient mice were analyzed. Contour plots show TCRβ expression vs. side scatter (SSC-A) of cells isolated from spleen, mLNs, small intestine IELs (SI-IELs) and lamina propria cells (SI-LPs) of recipient Rag2−/− mice. (B) Diagrams depict the percentages of TCRβ+ cells (upper panel) and numbers of TCRβ+ CD4+ cells (lower panel) in the indicated organs of Rag2−/− mice that have received either naïve WT or NCOR1 cKOCd4 CD4+ T cells. (C) Contour plots depict IL-17A vs. IFNγ expression of cells isolated from spleen, mLNs, SI-IELs, and SI-LP cells of recipient Rag2−/− mice. (D) Diagrams indicating percentages of IFNγ single-producing cells (IFNγ+IL-17A−) (upper panel), IL-17A single-producing cells (IFNγ−IL-17A+) (middle panel) and IFNγ+IL-17A+ double-producing (lower panel) TCRβ+ cells isolated from Rag2−/− mice that have received either naïve WT or NCOR1 cKOCd4 CD4+ T cells. (A,C) Representative plots for the various organs and tissues were taken from different experiments, however for each organ/tissue shown WT and NCOR1 cKOCd4 plots are from the same experiment. Numbers indicate the percentage of cells in the respective quadrants or regions. (B,D) Horizontal bars indicate the mean. *P < 0.05, **P < 0.01, ***P < 0.001, ns, not significant (unpaired two-tailed t-test). Data are representative (A,C) or show summary (B,D) of 6–8 mice that were analyzed in 3 independent experiments.





DISCUSSION

In this study we demonstrate a novel role for NCOR1 in the regulation of CD4+ T cell homeostasis and effector functions. The first findings of our analysis revealed that NCOR1 is essential for regulating transcriptional landscapes in naïve CD4+ T cells as well as in Th1 and Th17 subsets and led to the identification of NCOR1 target genes. NCOR1-deficiency resulted in more than 2,000 differentially expressed genes in naïve CD4+ T cells and more than 4,500 genes in Th1/Th17 cells, respectively. NCOR1 binding regions in naïve CD4+ T cells mapped to 1,042 gene loci. Approximately one third of NCOR1 binding peaks map to the promoter region of target genes, however a large fraction of potential target genes displayed NCOR1 recruitment within introns and intergenic regions. This suggests that NCOR1 might also control the activity of other cis-regulatory elements at target gene loci, such as enhancers and transcriptional silencers. Furthermore, NCOR1 has been shown to function as a transcriptional corepressor by connecting transcription factors with repressive chromatin-modifying enzymes of the histone deacetylase (HDAC) family, in particular HDAC3 (42–45). Due to the recruitment of HDACs, one would have expected far more NCOR1 target genes up- than downregulated in NCOR1-deficient CD4+ T cells. Surprisingly, the number of up- and downregulated target genes was similar in the absence of NCOR1, suggesting that NCOR1 might also promote transcriptional activation and thus gene expression.

The transcriptional changes in naïve CD4+ T cells caused by the absence of NCOR1 led to the dysregulation of pathways and hallmark gene sets associated with various cellular processes. NCOR1, via binding to LXR, has been described as a key regulator for repressing cholesterol homeostasis-related genes in hepatocytes (46). The observation that cholesterol homeostasis gene sets are enriched in NCOR1-deficient CD4+ T cells suggests that NCOR1 has also a similar repressive function in naïve CD4+ T cells. Of note, a pathway analysis revealed that the top five canonical pathways upregulated in NCOR1-deficient naïve CD4+ T cells displayed an overrepresentation of cholesterol biosynthesis pathways (Supplementary Figure 2B), further supporting the conclusion that NCOR1 regulates cholesterol metabolism in naïve CD4+ T cells. Upon CD4+ T cell activation cholesterol biosynthesis is increased and its metabolites are crucial for Th effector differentiation and function (47–49). Cholesterol homeostasis gene sets were not enriched in NCOR1-deficient Th1 or Th17 cells, suggesting a specific role for NCOR1 in naïve CD4+ T cells in setting up transcriptional programs required for cholesterol metabolism. However, we did not observe binding of NCOR1 to the gene loci of dysregulated members of the cholesterol gene set in naïve CD4+ T cells, suggesting either indirect effects or that the NCOR1 ChIP-seq antibody did not recognize NCOR1 in densely packed transcriptional complexes that regulate cholesterol pathway genes. Additional hallmark gene sets enriched (based on NES) in the absence of NCOR1 were “MTORC1 signaling,” “G2M checkpoint regulation,” “Myc targets,” and “E2F targets.” Alterations in the c-Myc pathway might also explain impaired proliferation of activated CD4+ T cells in the absence of NCOR1. Since NCOR1 interacts with many different types of transcription factors (7–9), the large number of dysregulated genes and pathways might indicate that NCOR1 orchestrates and integrates the activity of many transcriptional regulators. A de novo motif search within NCOR1 binding regions revealed an overrepresentation of an E-box motif (30). This motif is known as a binding site for key T cell transcription factors including c-Myc (50) and the basic helix-loop-helix factor E2A (51), which interact with NCOR1 in other cell types (52, 53). c-Myc has also been reported to recruit NCOR1 to target genes during somatic cell reprogramming (54). Altogether, these findings suggest that in CD4+ T cells E-box binding transcription factors represent an important group of regulators that recruit NCOR1 to target gene loci in CD4+ T cells.

In our analysis we also observed that the survival of activated CD4+ T cells is impaired in the absence of NCOR1. This is reminiscent of the role of NCOR1 during thymocyte development. Previous studies showed that NCOR1 regulates thymocyte survival during negative and positive selection processes (17, 18), and suggested that NCOR1 is one of the factors that integrates TCR signals with thymocyte survival. Since we observed that NCOR1-mediated survival of activated CD4+ T cells was not dependent on its ability to interact with nuclear receptors, members of other transcription factor families are likely to utilize NCOR1 in the control of CD4+ T cell viability upon activation. Of note, despite the changes of transcriptional landscapes and the reduced viability of activated CD4+ T cells in the absence of NCOR1, the deletion of NCOR1 did not affect survival of in vitro-generated Th17 cells, indicating that cytokines driving Th17 differentiation might compensate for the loss of a NCOR1-dependent survival program. Moreover, despite the severe transcriptional changes in naïve NCOR1 cKOCd4 CD4+ T cells, the lineage-specific expression of the key Th1 and Th17 transcription factors T-bet and RORγt, respectively, was maintained in the absence of NCOR1. This indicates that signaling pathways driving Th1 and Th17 differentiation in vitro were functional in the absence of NCOR1. This conclusion is supported by our observation that only a minority of potential NCOR1 target genes, which we defined as bound by NCOR1 in naïve CD4+ T cells and dysregulated in Th1 and/or Th17 cells, were associated with Th1 lineage or Th17 lineage specification and function. This suggests that NCOR1 is rather a general regulator of effector programs in Th cells. Nevertheless, Ifng showed up as a Th1 lineage-specific gene regulated by NCOR1, which was supported by our in vitro data that NCOR1-deficient Th1 cells contain a higher fraction of IFNγ-expressing cells. Naïve CD4+ T cells and Th17 cells did not induce IFNγ expression in the absence of NCOR1, suggesting that NCOR1 acts at the Ifng locus specifically in Th1 cells. In addition, we showed that NCOR1 binds to CNS-22, which is a regulatory sequence of the Ifng locus essential for IFNγ expression in Th1 cells and NK cells (38, 39). Thus, Ifng is a NCOR1 target gene and our data suggest that NCOR1 directly negatively regulates the extent of IFNγ expression. In support of this observation, a similar increase in IFNγ-producing cells was also observed in vivo upon short-term activation.

Finally, our study demonstrated that NCOR1 is a key regulator of effector programs in Th1 and Th17 cells. Despite a normal Th1/Th17 differentiation pattern based on T-bet and RORγt expression, loss of NCOR1 resulted in the upregulation of many cytokines, cytokine receptors, chemokines, and chemokine receptors, suggesting NCOR1-mediated control of Th1/Th17 cell effector gene expression programs. A key role for NCOR1 in regulating Th effector functions was further identified in vivo in an adoptive CD4+ T cell transfer model of colitis. Here we observed a severe reduction in crypt disruption and diminished CD4+ T cell infiltration in RAG2-deficient mice receiving NCOR1 cKOCd4 CD4+ T cells, and this was accompanied with a reduction of IFNγ+ as well as IFNγ+IL-17A+ effector T cell subsets. Since both T cell subsets are linked with the development of colitis (55, 56), it is likely that the reduction of these subsets is one of the contributing factors preventing T cell-mediated pathology by NCOR1-deficient CD4+ T cells. In addition, the percentages and numbers of CD4+ T cells in the spleen and mLNs of Rag2−/− mice that received adoptively transferred NCOR1-deficient CD4+ T cells were lower in comparison to recipients receiving WT CD4+ T cells, suggesting some impairment in the survival and/or expansion of transferred NCOR1-deficient CD4+ T cells. Therefore, one might argue that an overall lower number of CD4+ T cells after transfer leads to a diminished inflammatory response and disease severity. However, a few Rag2−/− mice that received WT CD4+ T cells showed similar low numbers of CD4+ T cells in the spleen and mLNs as Rag2−/− mice receiving NCOR1 cKOCd4 CD4+ T cells, yet these mice still displayed severe T cell infiltration and crypt damage. This suggests that lower numbers of NCOR1-deficient CD4+ T cells upon transfer might not be the primary cause for the absence of inflammation, although we cannot rule out that this, together with a disease-protective cytokine expression pattern, contributes to the attenuated colitis pathology. Of note, the diminished population of IFNγ-expressing cells in the adoptive transfer colitis model was an unexpected observation, since we observed that activated NCOR1 cKOCd4 CD4+ T cells produced enhanced levels of IFNγ. It is likely that short-term activation of NCOR1-deficient CD4+ T cells leads to an increase in IFNγ expression due to direct regulation of the Ifng locus by NCOR1. In contrast, upon adoptive transfer and induction of colitis the subset distribution of NCOR1-deficient CD4+ T cells is changed and hence the percentage of IFNγ+ Th cells might be reduced. It is therefore tempting to speculate that NCOR1 controls effector CD4+ T cell subset differentiation in vivo. In support of this hypothesis, we also observed that NCOR1 cKOCd4 mice displayed under homeostatic conditions a similar dramatic decrease in IFNγ+ CD4+ T cells accompanied with a strong increase in IL-17A+ CD4+ T cells within the SI-IEL population (Supplementary Figures 9A,B). Additionally, due to the altered chemokine expression patterns in NCOR1-deficient Th1 and Th17 cells, loss of NCOR1 might also differentially affect migration and homing of Th subsets into various organs.

Taken together, our study revealed novel gene regulatory functions for NCOR1 in setting up transcriptional landscapes in CD4+ T cells and demonstrated an essential role for NCOR1 in T cell-mediated immunopathology.



DATA AVAILABILITY STATEMENT

The authors declare that the data supporting the findings of this research are available in the article, the Supplementary Material, or on request from the corresponding author. The ChIP-seq and RNA-seq data have been deposited in the GEO database under accession number GSE138934.



ETHICS STATEMENT

Animal experiments were evaluated by the ethics committees of the Medical University of Vienna and approved by the Austrian Federal Ministry for Education, Science and Research (GZ:BMWF-66.009/0105-WF/II/3b/2014, BMBWF-66.009/0039-V/3b/2019).



AUTHOR CONTRIBUTIONS

DH designed the research, planned and performed most of the experiments, analyzed the data, and made figures. VS and CZ performed some of the experiments. LM, PH, RR, and AH assisted with some of the experiments. DW and MA performed cell sorting. MS and TK analyzed the sequencing data. CB supervised the sequencing experiments and associated data analysis. SK, MT, and MF analyzed data. WE designed the research and analyzed the data. DH and WE wrote the manuscript with contributions from all co-authors.



FUNDING

This work was supported by the following grants: Austrian Science Fund (FWF) and MedUni Vienna doctoral program (DK W1212) Inflammation and Immunity (to WE and MT); FWF projects P19930, P23641, and P26193 (WE); FWF doc.fund program TissueHome (WE); FWF Special Research Program F70 (F07002 to CB and F07005 to WE); NIH grant R01 AI147540 (MF). DH received a L'Oréal Austria Fellowship supported by the Austrian Commission for UNESCO in cooperation with the Austrian Academy of Sciences. PH was supported by a DOC fellowship of the Austrian Academy of Sciences.



ACKNOWLEDGMENTS

We thank Johan Auwerx for providing floxed-Ncor1 mutant mice and Shinya Sakaguchi and Nicole Boucheron for critical reading of the manuscript. Further we thank Claus Wenhardt for assistance with cell sorting.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2020.00579/full#supplementary-material



REFERENCES

 1. Georas SN, Guo J, de Fanis U, Casolaro V. T-helper cell type-2 regulation in allergic disease. Eur Respir J. (2005) 26:1119–37. doi: 10.1183/09031936.05.00006005

 2. Hirahara K, Nakayama T. CD4+ T-cell subsets in inflammatory diseases: beyond the Th1/Th2 paradigm. Int Immunol. (2016) 28:163–71. doi: 10.1093/intimm/dxw006

 3. Stadhouders R, Lubberts E, Hendriks RW. A cellular and molecular view of T helper 17 cell plasticity in autoimmunity. J Autoimmun. (2018) 87:1–15. doi: 10.1016/j.jaut.2017.12.007

 4. O'Shea JJ, Paul WE. Mechanisms underlying lineage commitment and plasticity of helper CD4+ T cells. Science. (2010) 327:1098–102. doi: 10.1126/science.1178334

 5. Christie D, Zhu J. Transcriptional regulatory networks for CD4 T cell differentiation. Curr Top Microbiol Immunol. (2014) 381:125–72. doi: 10.1007/82_2014_372

 6. Hörlein AJ, Näär AM, Heinzel T, Torchia J, Gloss B, Kurokawa R, et al. Ligand-independent repression by the thyroid hormone receptor mediated by a nuclear receptor co-repressor. Nature. (1995) 377:397–404. doi: 10.1038/377397a0

 7. Jepsen K, Rosenfeld MG. Biological roles and mechanistic actions of co-repressor complexes. J Cell Sci. (2002) 115:689–98.

 8. Mottis A, Mouchiroud L, Auwerx J. Emerging roles of the corepressors NCoR1 and SMRT in homeostasis. Genes Dev. (2013) 27:819–35. doi: 10.1101/gad.214023.113

 9. Muller L, Hainberger D, Stolz V, Ellmeier W. NCOR1-a new player on the field of T cell development. J Leukoc Biol. (2018) 104:1061–68. doi: 10.1002/JLB.1RI0418-168R

 10. Jepsen K, Hermanson O, Onami TM, Gleiberman AS, Lunyak V, McEvilly RJ, et al. Combinatorial roles of the nuclear receptor corepressor in transcription and development. Cell. (2000) 102:753–63. doi: 10.1016/S0092-8674(00)00064-7

 11. Yamamoto H, Williams EG, Mouchiroud L, Canto C, Fan W, Downes M, et al. NCoR1 is a conserved physiological modulator of muscle mass and oxidative function. Cell. (2011) 147:827–39. doi: 10.1016/j.cell.2011.10.017

 12. Li P, Fan W, Xu J, Lu M, Yamamoto H, Auwerx J, et al. Adipocyte NCoR knockout decreases PPARγ phosphorylation and enhances PPARγ activity and insulin sensitivity. Cell. (2011) 147:815–26. doi: 10.1016/j.cell.2011.09.050

 13. Li P, Spann NJ, Kaikkonen MU, Lu M, Oh DY, Fox JN, et al. NCoR repression of LXRs restricts macrophage biosynthesis of insulin-sensitizing omega 3 fatty acids. Cell. (2013) 155:200–14. doi: 10.1016/j.cell.2013.08.054

 14. Astapova I, Lee LJ, Morales C, Tauber S, Bilban M, Hollenberg AN. The nuclear corepressor, NCoR, regulates thyroid hormone action in vivo. Proc Natl Acad Sci USA. (2008) 105:19544–9. doi: 10.1073/pnas.0804604105

 15. Oppi S, Nusser-Stein S, Blyszczuk P, Wang X, Jomard A, Marzolla V, et al. Macrophage NCOR1 protects from atherosclerosis by repressing a pro-atherogenic PPARgamma signature. Eur Heart J. (2019) 41:995–1005. doi: 10.1093/eurheartj/ehz667

 16. Ahad A, Stevanin M, Smita S, Mishra GP, Gupta D, Waszak S, et al. NCoR1: putting the brakes on the dendritic cell immune tolerance. iScience. (2019) 19:996–1011. doi: 10.1016/j.isci.2019.08.024

 17. Muller L, Hainberger D, Stolz V, Hamminger P, Hassan H, Preglej T, et al. The corepressor NCOR1 regulates the survival of single-positive thymocytes. Sci Rep. (2017) 7:15928. doi: 10.1038/s41598-017-15918-0

 18. Wang J, He N, Zhang N, Quan D, Zhang S, Zhang C, et al. NCoR1 restrains thymic negative selection by repressing Bim expression to spare thymocytes undergoing positive selection. Nat Commun. (2017) 8:959. doi: 10.1038/s41467-017-00931-8

 19. Barnden MJ, Allison J, Heath WR, Carbone FR. Defective TCR expression in transgenic mice constructed using cDNA-based alpha- and beta-chain genes under the control of heterologous regulatory elements. Immunol Cell Biol. (1998) 76:34–40. doi: 10.1046/j.1440-1711.1998.00709.x

 20. Moolenbeek C, Ruitenberg EJ. The “Swiss roll”: a simple technique for histological studies of the rodent intestine. Lab Anim. (1981) 15:57–9. doi: 10.1258/002367781780958577

 21. Oliveros JC. Venny. An interactive tool for comparing lists with Venn's diagrams (2007–2015). Available online at: https://bioinfogp.cnb.csic.es/tools/venny/index.html

 22. Schmidl C, Rendeiro AF, Sheffield NC, Bock C. ChIPmentation: fast, robust, low-input ChIP-seq for histones and transcription factors. Nat Methods. (2015) 12:963–65. doi: 10.1038/nmeth.3542

 23. Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat Methods. (2012) 9:357–9. doi: 10.1038/nmeth.1923

 24. Church DM, Schneider VA, Graves T, Auger K, Cunningham F, Bouk N, et al. Modernizing reference genome assemblies. PLoS Biol. (2011) 9:e1001091. doi: 10.1371/journal.pbio.1001091

 25. Zhang Y, Liu T, Meyer CA, Eeckhoute J, 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

 26. Feng J, Liu T, Qin B, Zhang Y, Liu XS. Identifying ChIP-seq enrichment using MACS. Nat Protoc. (2012) 7:1728–40. doi: 10.1038/nprot.2012.101

 27. Ross-Innes CS, Stark R, Teschendorff AE, Holmes KA, Ali HR, Dunning MJ, et al. Differential oestrogen receptor binding is associated with clinical outcome in breast cancer. Nature. (2012) 481:389–93. doi: 10.1038/nature10730

 28. Zhu LJ, Gazin C, Lawson ND, Pages H, Lin SM, Lapointe DS, et al. ChIPpeakAnno: a bioconductor package to annotate ChIP-seq and ChIP-chip data. BMC Bioinformatics. (2010) 11:237. doi: 10.1186/1471-2105-11-237

 29. Droit A, Gottardo R, Robertson G, Li L. rGADEM: de novo motif discovery. R Package Version 2.34.1. (2019). doi: 10.18129/B9.bioc.rGADEM

 30. Ephrussi A, Church GM, Tonegawa S, Gilbert W. B lineage–specific interactions of an immunoglobulin enhancer with cellular factors in vivo. Science. (1985) 227:134–40. doi: 10.1126/science.3917574

 31. Liberzon A, Birger C, Thorvaldsdottir H, Ghandi M, Mesirov JP, Tamayo P. The Molecular Signatures Database (MSigDB) hallmark gene set collection. Cell Syst. (2015) 1:417–25. doi: 10.1016/j.cels.2015.12.004

 32. Mootha VK, Lindgren CM, Eriksson KF, Subramanian A, Sihag S, Lehar J, et al. PGC-1alpha-responsive genes involved in oxidative phosphorylation are coordinately downregulated in human diabetes. Nat Genet. (2003) 34:267–73. doi: 10.1038/ng1180

 33. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, et al. Gene set enrichment analysis: a knowledge-based approach for interpreting genome-wide expression profiles. Proc Natl Acad Sci USA. (2005) 102:15545–50. doi: 10.1073/pnas.0506580102

 34. Robinson JT, Thorvaldsdottir H, Winckler W, Guttman M, Lander ES, Getz G, et al. Integrative genomics viewer. Nat Biotechnol. (2011) 29:24–6. doi: 10.1038/nbt.1754

 35. Thorvaldsdottir H, Robinson JT, Mesirov JP. Integrative Genomics Viewer (IGV): high-performance genomics data visualization and exploration. Brief Bioinform. (2013) 14:178–92. doi: 10.1093/bib/bbs017

 36. Astapova I, Dordek MF, Hollenberg AN. The thyroid hormone receptor recruits NCoR via widely spaced receptor-interacting domains. Mol Cell Endocrinol. (2009) 307:83–8. doi: 10.1016/j.mce.2009.02.028

 37. Astapova I, Hollenberg AN. The in vivo role of nuclear receptor corepressors in thyroid hormone action. Biochim Biophys Acta. (2013) 1830:3876–81. doi: 10.1016/j.bbagen.2012.07.001

 38. Hatton RD, Harrington LE, Luther RJ, Wakefield T, Janowski KM, Oliver JR, et al. A distal conserved sequence element controls Ifng gene expression by T cells and NK cells. Immunity. (2006) 25:717–29. doi: 10.1016/j.immuni.2006.09.007

 39. Balasubramani A, Winstead CJ, Turner H, Janowski KM, Harbour SN, Shibata Y, et al. Deletion of a conserved cis-element in the Ifng locus highlights the role of acute histone acetylation in modulating inducible gene transcription. PLoS Genet. (2014) 10:e1003969. doi: 10.1371/journal.pgen.1003969

 40. Heng TS, Painter MW. The immunological genome project: networks of gene expression in immune cells. Nat Immunol. (2008) 9:1091–4. doi: 10.1038/ni1008-1091

 41. Ostanin DV, Bao J, Koboziev I, Gray L, Robinson-Jackson SA, Kosloski-Davidson M, et al. T cell transfer model of chronic colitis: concepts, considerations, and tricks of the trade. Am J Physiol Gastrointest Liver Physiol. (2009) 296:G135–46. doi: 10.1152/ajpgi.90462.2008

 42. Guenther MG, Barak O, Lazar MA. The SMRT and N-CoR corepressors are activating cofactors for histone deacetylase 3. Mol Cell Biol. (2001) 21:6091–101. doi: 10.1128/MCB.21.18.6091-6101.2001

 43. Ishizuka T, Lazar MA. The N-CoR/histone deacetylase 3 complex is required for repression by thyroid hormone receptor. Mol Cell Biol. (2003) 23:5122–31. doi: 10.1128/MCB.23.15.5122-5131.2003

 44. You SH, Lim HW, Sun Z, Broache M, Won KJ, Lazar MA. Nuclear receptor co-repressors are required for the histone-deacetylase activity of HDAC3 in vivo. Nat Struct Mol Biol. (2013) 20:182–7. doi: 10.1038/nsmb.2476

 45. Fischle W, Dequiedt F, Hendzel MJ, Guenther MG, Lazar MA, Voelter W, et al. Enzymatic activity associated with class II HDACs is dependent on a multiprotein complex containing HDAC3 and SMRT/N-CoR. Mol Cell. (2002) 9:45–57. doi: 10.1016/S1097-2765(01)00429-4

 46. Astapova I, Ramadoss P, Costa-e-Sousa RH, Ye F, Holtz KA, Li Y, et al. Hepatic nuclear corepressor 1 regulates cholesterol absorption through a TRbeta1-governed pathway. J Clin Invest. (2014) 124:1976–86. doi: 10.1172/JCI73419

 47. Bietz A, Zhu H, Xue M, Xu C. Cholesterol metabolism in T cells. Front Immunol. (2017) 8:1664. doi: 10.3389/fimmu.2017.01664

 48. Surls J, Nazarov-Stoica C, Kehl M, Olsen C, Casares S, Brumeanu TD. Increased membrane cholesterol in lymphocytes diverts T-cells toward an inflammatory response. PLoS ONE. (2012) 7:e38733. doi: 10.1371/journal.pone.0038733

 49. Perucha E, Melchiotti R, Bibby JA, Wu W, Frederiksen KS, Roberts CA, et al. The cholesterol biosynthesis pathway regulates IL-10 expression in human Th1 cells. Nat Commun. (2019) 10:498. doi: 10.1038/s41467-019-08332-9

 50. Rathmell JC. T cell Myc-tabolism. Immunity. (2011) 35:845–6. doi: 10.1016/j.immuni.2011.12.001

 51. Engel I, Murre C. The function of E- and Id proteins in lymphocyte development. Nat Rev Immunol. (2001) 1:193–9. doi: 10.1038/35105060

 52. Phelps MP, Bailey JN, Vleeshouwer-Neumann T, Chen EY. CRISPR screen identifies the NCOR/HDAC3 complex as a major suppressor of differentiation in rhabdomyosarcoma. Proc Natl Acad Sci USA. (2016) 113:15090–5. doi: 10.1073/pnas.1610270114

 53. Kessler JD, Kahle KT, Sun T, Meerbrey KL, Schlabach MR, Schmitt EM, et al. A SUMOylation-dependent transcriptional subprogram is required for Myc-driven tumorigenesis. Science. (2012) 335:348–53. doi: 10.1126/science.1212728

 54. Zhuang Q, Li W, Benda C, Huang Z, Ahmed T, Liu P, et al. NCoR/SMRT co-repressors cooperate with c-MYC to create an epigenetic barrier to somatic cell reprogramming. Nat Cell Biol. (2018) 20:400–12. doi: 10.1038/s41556-018-0047-x

 55. Powrie F, Correa-Oliveira R, Mauze S, Coffman RL. Regulatory interactions between CD45RBhigh and CD45RBlow CD4+ T cells are important for the balance between protective and pathogenic cell-mediated immunity. J Exp Med. (1994) 179:589–600. doi: 10.1084/jem.179.2.589

 56. Ito R, Shin-Ya M, Kishida T, Urano A, Takada R, Sakagami J, et al. Interferon-gamma is causatively involved in experimental inflammatory bowel disease in mice. Clin Exp Immunol. (2006) 146:330–8. doi: 10.1111/j.1365-2249.2006.03214.x

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.

Copyright © 2020 Hainberger, Stolz, Zhu, Schuster, Müller, Hamminger, Rica, Waltenberger, Alteneder, Krausgruber, Hladik, Knapp, Bock, Trauner, Farrar and Ellmeier. 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-11-00579-g005.gif





OPS/images/fimmu-11-00579-g006.gif





OPS/images/fimmu-11-00579-g003.gif





OPS/images/fimmu-11-00579-g004.gif
s
t
NCORY ck0™ @
220, "
3.l
Boins
LT R—
sy Moo
gi ..
i
e
° restmiaton
e,
- 3D
o §8 ——4

orAWT ORI Ko
9 57 &

%%

T cals 10
ez588






OPS/xhtml/Nav.xhtml




Contents





		Cover



		NCOR1 Orchestrates Transcriptional Landscapes and Effector Functions of CD4+ T Cells



		Introduction



		Materials and Methods



		Animal Models



		Antibodies and Cytokines



		Purification of Naïve CD4+ T Cells



		CD4+ T Cell Activation, Differentiation, and Cell Proliferation Analysis in vitro



		Extracellular and Intracellular Staining



		In vivo CD4+ T Cell Proliferation Assays



		Apoptosis Detection Assay



		Immunization of OTII-Transgenic Mice



		Lamina Propria (LP) Cell and Intraepithelial Lymphocyte (IEL) Isolation



		Adoptive CD4+ T Cell Transfer Model of Colitis and Analysis of Tissues



		Histology and Multicolor Immunofluorescence Microscopy



		RNA Sample Preparation and RNA Sequencing



		ChIP Sequencing Sample Preparation



		ChIP Sequencing Analysis



		Statistical Analysis







		Results



		NCOR1 Regulates Transcriptional Landscapes in Naïve CD4+ T Cells



		Reduced Survival of Naïve NCOR1-Deficient CD4+ T Cells Upon Activation



		Nuclear Receptor Interaction Domains of NCOR1 Are Dispensable for Survival of Activated CD4+ T Cells



		IFNγ Expression Is Enhanced in NCOR1-Deficient Th1 Cells



		NCOR1 Is a Key Regulator of Transcriptional Landscapes in Th1 and Th17 Cells



		Altered Cytokine Expression of NCOR1-Deficient CD4+ T Cells in vivo



		Attenuated Colitis Induction by NCOR1-Deficient Naïve CD4+ T Cells







		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
, frontiers
in Immunology

NCOR1 Orchestrates Transcriptional
Landscapes and Effector Functions
of CD4* T Cells





OPS/images/fimmu-11-00579-g001.gif
A ® <
-
s ey
Tare :
. s i
:
L i
g, LI
1234587891012
o ot
EE I Y R
2 0 o
o s o2 g change + ssiod>
" sotosp gz o
o
// ©  ChiP-seq naive CD4" T cells
Rkt e COF et
) ,// ©
Y ik soanae oL ot
7 © otz
.
MTORC: spaing comenecon: Chotesas nomeosiss
& freml N e
. etmgusn [ A—
§ o oo






OPS/images/fimmu-11-00579-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





