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T cell hyporesponsiveness is crucial for the functional immune system and prevents the damage induced by alloreactive T cells in autoimmune pathology and transplantation. Here, we found low expression of PRDM1 in T cells from donor and recipients both related to the occurrence of acute graft-versus-host disease (aGVHD). Our systematic multiomics analysis found that the transcription factor PRDM1 acts as a master regulator during inducing human primary T cell hyporesponsiveness. PRDM1-overexpression in primary T cells expanded Treg cell subset and increased the expression level of FOXP3, while decreased expression had the opposite effects. Moreover, the binding motifs of key T cell function regulators, such as FOS, JUN and AP-1, were enriched in PRDM1 binding sites and that PRDM1 altered the chromatin accessibility of these regions. Multiomics analysis showed that PRDM1 directly upregulated T cell inhibitory genes such as KLF2 and KLRD1 and downregulated the T cell activation gene IL2, indicating that PRDM1 could promote a tolerant transcriptional profile. Further analysis showed that PRDM1 upregulated FOXP3 expression level directly by binding to FOXP3 upstream enhancer region and indirectly by upregulating KLF2. These results indicated that PRDM1 is sufficient for inducing human primary T cell hyporesponsiveness by transcriptomic and epigenetic manners.
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Introduction

T cell hyporesponsiveness protects individuals from immune-related pathologies such as autoimmune diseases and complications of transplantation. Graft-versus-host disease (GVHD), a disordered immune system pathology induced by alloreactive T cells, remains an obstacle to the success of allogeneic hematopoietic stem cell transplantation (allo-HSCT). Several T cell inhibitory signals have been demonstrated to play a role in GVHD mouse models, such as PRDM1, and a lack of Prdm1 was found to shorten the life span of GVHD mice (1). However, the role of PRDM1 in human primary T cells and its relationship with GVHD occurrence in patients after allo-HSCT have not been elucidated.

PRDM1, also known as B lymphocyte-induced maturation protein-1 (BLIMP-1), was initially identified as an essential regulator of B lymphocyte development and plasma cell terminal differentiation. Studies have shown that mice with B cell-specific deletion of Prdm1 lack a defined plasma cell compartment and have severely reduced serum immunoglobulin titers (2, 3). Prdm1 also governs B cell fate decision-related transcription factors (TFs), such as MYC, PAX5 and CIITA, establishes a transcriptional program during B lymphocyte differentiation and is considered to be a master regulator of terminal B cell differentiation (4–6). Subsequent studies revealed PRDM1’s essential role in maintaining T cell self-tolerance and homeostasis in mouse models with T cell-specific deletion of Prdm1. Mice deficient in Prdm1 showed an accumulation of activated T cells and developed multiorgan inflammatory disease (7, 8). Moreover, Prdm1 was found to maintain the function and homeostasis of Treg cells by cooperating with interferon regulatory factor 4 (IRF4) or preventing methylation of conserved noncoding sequence 2 (CNS2) in the Foxp3 region (9, 10). These studies explored the phenotypic and functional roles of PRDM1 in maintaining T cell tolerance. However, systemic analyses to define the PRDM1 regulatory network in T cell hyporesponsiveness are still needed.

Although sophisticated transgenic mouse models provide adequate cells and are a useful platform for investigating biological processes regulated by TFs, there are still disparities between mouse models and humans. As a benefit of the advances in high-throughput sequencing technology, it is possible to investigate the precise regulatory network of TFs from human primary cells with low input cell numbers. These technologies can help us restore the regulatory landscape in humans. Assay for transposase-accessible chromatin with sequencing (ATAC-seq) has been widely used to assess chromatin accessibility during biological processes due to its advantages of capturing native chromatin states and requiring a low number of cells (11, 12). Cleavage under targets and tagmentation (CUT&Tag), similar to chromatin immunoprecipitation with sequencing (ChIP-seq) but requiring much lower input cell numbers, provides a snapshot of in situ TF interactions with chromatin elements (13, 14).

In this study, our data showed the essential role of PRDM1 in regulating primary T cell hyporesponsiveness. Low PRDM1 expression level in T cells from donors or recipients correlated with high aGVHD occurrence after allo-HSCT. Comprehensive epigenetic and transcriptional analyses identified that PRDM1 altered the chromatin accessibility of key T cell TF-targeted regions and promoted tolerant transcription profiling in human primary T cells. Furthermore, our data showed that PRDM1 upregulated FOXP3 in human T cells by directly binding to upstream enhancers and indirectly by upregulating KLF2. Taken together, our study demonstrated that PRDM1 is sufficient for inducing human primary T cell tolerance.



Materials and Methods


Samples

Peripheral blood was collected from healthy donors or patients undergoing allo-HSCT. Peripheral grafts and bone marrow grafts were collected from 18 healthy donors between 1 November 2018 and 31 December 2018, and the related allo-HSCT patients were followed up to 30 October 2020 (Table S1, related to Figures 1A, B and Figures S1A,B). Bone marrow was collected from healthy donors. Peripheral blood was collected from 14 patients with or without acute GVHD (aGVHD) after allo-HSCT (Table S2, related to Figure 1C). Peripheral blood was collected from 13 patients with or without acute GVHD (aGVHD) after allo-HSCT (Table S3, related to Figure S3). 100-day aGVHD and chronic GVHD (cGVHD) were diagnosed and graded according to the standard international criteria (15, 16). Human bone marrow mononuclear cells (BMMCs) or peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll density centrifugation. The study has been approved by the Ethics Committee of Peking University People’s Hospital, and written informed consent from all subjects was obtained in accordance with the Declaration of Helsinki.




Figure 1 | High expression level of PRDM1 suppressed human primary T cell function. (A, B) Quantitative real-time PCR showed the expression level of PRDM1 in CD4+ T cells from bone marrow allografts (A) and from peripheral allografts (B) and the aGVHD occurrence in related patients, respectively. (C) The expression level of PRDM1 in peripheral CD3+ T cells in patients with aGVHD (n = 7) after allo-HSCT compared with those without aGVHD (n = 7) in the same period. Mann–Whitney U test was used for testing PRDM1 expression. (D, E) Flow cytometry results showed the percentage of Ki67 expression level on PRDM1 overexpressing CD4+ T cells (D) and CD8+ T cells (E) in GFP+ population compared with control T cells (n = 3). (F, G) Representative flow cytometry results and percentages showed the IL-4 secretion level of PRDM1 overexpressing GFP+CD8+ T cells compared with control T cells (n = 5). (H, I) Percentages and representative flow cytometry results showed the Treg cell subset (CD4+CD25+FOXP3+) in PRDM1 overexpressing GFP+CD3+ T cells compared with control T cells (n = 5). (J) Percentage of Treg cell subset in PRDM1 knocked down T cells compared with control T cells (n = 6). (K) Quantitative real-time PCR was used to detect PRDM1 and FOXP3 expression level in PRDM1 knocked down T cells compared with control T cells (n = 6). Wilcoxon rank sum test was performed to assess the significance in D-K. *P < 0.05.





Overexpression PRDM1 in Primary T Cells

CD3+ T cells were purified from BMMCs by CD3 microbeads (Miltenyi Biotec, 130-097-043) according to manufacturer’s instructions. CD4 conventional T cells (CD4+CD25-) were isolated by negative selection with CD25 microbeads (Miltenyi Biotec, 130-092-983) followed by positive selection with CD4 microbeads (Miltenyi Biotec, 130-045-101). T cells were pre-stimulated with Dynabeads Human T-Activator CD3/CD28 beads (Invitrogen, 11131D) and 100 U/ml rhIL-2 in IMDM medium (Gibco, Invitrogen) containing 10% BIT 9500 (Stemcell Technologies, 09500) for 24 h. The PRDM1-overexpressing lentivirus was purchased from Sangon Biotech (Shanghai, China). After 24 h, the cells were transduced with lentiviruses and added polybrene (Sigma, USA) at a dose of 6 μg/ml, then incubated for another 24 h at 37°C and 5% CO2. The cells were incubated for another 24 h at 37°C and 5% CO2, and fresh medium was changed. GFP+ cells were isolated after a 72 h infection and cultured in IMDM containing 10% BIT 9500 with 100 U/ml rhIL-2 routinely used.



siRNA Transfection

5×105 CD3+ T cells from Granulocyte colony stimulating factor (G-CSF) mobilized healthy donors were stimulated with CD3/CD28 beads in IMDM medium containing 10% BIT 9500 with rhIL-2 for 24 h. Then the cells transfected with Smartpool-On-TARGET plus PRDM1 siRNA (Dharmacon, L-009322-00-0005) or ON-TARGET plus Non-targeting control Pool (Dharmacon, D-001810-10-05) with lipo3000 (Invitrogen, L3000015) according to a previously published article (17). Cells were analyzed after total 72 h transfection.



Flow Cytometry

Surface staining was performed at room temperature (RT) with antibodies for 20 min. Cells were stained with surface antibody to human CD4-Percp-cy-5.5, CD8-APC-R700/V500, or CD25-APC (BD Pharmingen) for 20 min at RT. For cytokine detection, T cells were stimulated with phorbol 12-myristate 13-acetate (PMA, 50 ng/mL, Sigma Aldrich, 880134P) and ionomycin (1000 ng/mL, Sigma Aldrich, I3909) for 4 h at 37°C in the presence of GolgiPlug (BD Pharmingen, 555029). Intracellular staining of IL-4-APC, FOXP3-PE or Ki67-PE was performed by using the Transcription Factor Buffer Set kit (BD Pharmingen, 562574) according to the manufacturer’s instructions, and then incubated for 20 min with antibodies at RT. Detailed antibody information was listed in Table S4.



Quantitative Real-Time PCR

RNA was extracted with RNeasy mini kit (QIAGEN, 74106) according to the manufacturer’s protocol. Amount of RNA was quantified with Qubit (ThermoFisher). Synthesis of cDNA was carried out with cDNA reverse transcription kit (TaKaRa, RR047A). Q-PCR was performed with SYBR Green (Roche, 04913914001). A 7500 real-time PCR system (Applied Biosystems) was used to detect the signal. Values were normalized according to the expression of the housekeeping gene 18S in the same samples by using a 2-ΔΔCT method. The primer sequences were listed in the Table S5.



Western Blot

5×106 Jurkat cells were resuspended and lysed in 100ul SDS-PAGE loading buffer (Beyotime, Shanghai, China, P0015L). Protein from these samples electrophoresed on 10% SDS-PAGE gel and transferred to polyvinylidene fluoride membranes. Membranes were blocked with 5% skimmed milk powder in TBST (Tris Buffered saline Tween) for about 1 h and incubated overnight with primary antibodies at 4°C, followed by secondary antibodies for 1 h. In western blot analysis, PRDM1 (1:200), FOXP3 (1:1000), β-ACTIN (1:1000) and KLF2 (1:1000) were used for immunoblotting with secondary antibodies conjugated with horseradish peroxidase. Detailed information about the antibodies was listed in Table S4.



RNA-Sequencing

GFP+ cells from LV-PRDM1 groups or LV-Control groups were isolated by flow cytometric sorting. RNA was extracted using the RNeasy Micro Kit (QIAGEN, 74004) and purified by NEBNext Oligo d(T)25 beads (NEB, E7490). NEBNext Ultra II RNA Library Prep Kit (NEB, E7770S) was used to generate cDNA libraries. AMPure XP beads (Beckman Coulter, A63881) were used to purified cDNA libraries between 300 and 500bp. Paired-end sequencing was performed on a NovaSeq6000 (Illumina), producing between 28 and 35 million 150-bp pair-end reads per sample.

The quality of the raw fastq files was examined with the FastQC software. Raw fastq files were trimmed using the software Trimmomatic by setting the parameter “LEADING: 3 TRAILING: 3 SLIDINGWINDOW: 4:15 MINLEN: 36”. The trimmed fastq files were then aligned to the human GRC38/hg38 reference genome using Hisat2, and gene expression was quantified by StringTie (18). Then differential expression analysis was run using DESeq2 package. GO enrichment analysis was performed using DAVID (https://david.ncifcrf.gov/). GSEA was performed using the Broad Institute software (http://software.broadinstitute.org/gsea/index.jsp). Enrichment scores were calculated by comparing LV-PRDM1 to LV-Control groups.



CUT&Tag

1×105 Flow cytometric sorted PRDM1 overexpressed CD3+ T cells were performed CUT&Tag using Hyperactive In-Situ ChIP Library Prep Kit (Vazyme, TD901) as previously described (13). Briefly, aliquots of cells were washed twice in Wash Buffer then incubated with activated Concanavalin A coated magnetic beads for 10 min at RT. 1:20 diluted PRDM1 primary antibody or IgG antibody was incubated overnight with samples on a rotating platform at 4°C. Anti-rabbit secondary antibody was diluted 1:100 and incubated at RT for 60 min on a rotating platform. Cells were washed using the magnet to remove unbound antibodies. Hyperactive pG-Tn5 adapter complex with a concentration of 0.04 μM was added to the cells with gentle vortexing and incubated at RT for 1 h. Next, cells were incubated with Tagmentation buffer at 37°C for 1 h to fragment. Then DNA barcoded with TruePrep Index Kit V2 for Illumina (Vazyme, TD202) and used for amplifying libraries. VAHTS DNA Clean Beads (Vazyme, N411) were used to purified cDNA.

Paired-end reads were aligned to hg38 reference genome using Bowtie2 (13). Picard tool was used to remove presumed PCR duplicates using the MarkDuplicates command. Bam files containing uniquely mapped reads were created using Samtools. Bigwig files were converted from Bam files by the bamCoverage command of deepTools (https://deeptools.readthedocs.io/en/develop/content/tools/bamCoverage.html). Peaks were called using MACS2 with q value cutoff of 1e+05, -f BAMPE and IgG as control. Genes proximal to peaks were annotated against the hg38 genome using Bioconductor package ChIPpeakAnno. PRDM1 binding motifs were identified using findMotifsGenome.pl from HOMER.



ATAC-Sequencing

ATAC-sequencing was performed according to previous described (11). Briefly, GFP+ cells from LV-PRDM1 groups or LV- Control groups were isolated by flow cytometric sorting. 5×104 sorted cells resuspended and lysed in 50 μl Lysis Buffer (10 mM NaCl,10 mM Tris-HCl, pH 7.4, 3 mM MgCl2, 0.1% ICEPALEA-630) after twice wash in PBS. DNA was fragmented using TruePrep DNA Library Prep Kit V2 for Illumina (Vazyme, TD501-01) and purified by using MinElute PCR Purification Kit (QIAGEN, 28006). Purified DNA barcoded with TruePrep Index Kit V2 for Illumina (Vazyme, TD202) and amplified by PCR using TruePrep DNA Library Prep Kit V2 for Illumina. VAHTS DNA Clean Beads (Vazyme, N411) were used to purified cDNA libraries between 100 and 1000bp. Paired-end sequencing was performed on a NovaSeq6000 (Illumina).

Raw ATAC-seq fastq files from paired-end sequencing were processed according to a previous described (19). Clean fastq files were aligned to the hg38 reference genome using Bowtie2. Samtools was used to remove unmapped, unpaired, mitochondrial reads. PCR duplicates were removed using Picard. Reads were shifted +4bp and -5bp for positive and negative strand respectively. Peak calling was performed using MACS2 with FDR q-value 0.01. We combined peaks of all samples to create a union peak list and merged overlapping peaks with BedTools merge command. The number of reads in each peak was determined using BedTools coverage. Differentially accessible regions were identified following DESeq2 normalization using an FDR cut-off q value < 0.05. Motif enrichment was calculated using HOMER (default parameters) on peaks differentially accessible across LV-PRDM1 group and LV-Control group. Transcription binding site prediction analysis was performed using known motif discovery strategy.



Methylation Analysis

Bisulfite-converted DNA from PRDM1 overexpressed T cells or control T cells was extracted by using DNA micro kit (QIAGEN, 74004) and transformed by using EZ DNA Methylation-Gold kit (ZYMO RESEARCH, D5006) according to manufacturer’s instructions. Illumina BEADLAB SYSTEM was use for analyzing MethylationEPIC BeadChip array. For pyrosequencing, methylated regions were amplified by PCR containing 10 ng of bisulfite-treated DNA, 10 μM forward and reverse primers, EpiTap PCR Buffer, 25 mM MgCl2, 2.5 mM dNTP mixture and 5 U/μl EpiTap HS in a final volume of 50 μl reaction according to the manufacturer’s instructions (TaKaRa R110A). Amplification and sequencing primers were according to a published article (20). Amp4: r-AACCCTCAAACCTAACTCATAC; q-GGAGGTGATAGTAAAGAAAGGA; Amp5: p-TGTTTGGGGGTAGAGGATTT; o-TATCACCCCACCTAAACCAA.



KLF2 Inhibition

Human primary CD3+ T cells were infected with PRDM1-overexpressing lentivirus as above described, GFP+ T cells were sorted using flow cytometry and cultured in complete medium and treated with either vehicle (methanol) or 10 μM geranylgeranyl pyrophosphate (GGPP; Sigma, G6025) (21). Cells were collected and analyzed by qPCR after 8 h cultured.



Statistical Analyses

All the results are shown as mean ± SEM. Wilcoxon rank sum test was used to assess difference in paired cytometric data and mRNA expression. Mann–Whitney U test was used for testing unpaired mRNA expression. When comparing more than two groups, non-parametric techniques were used, which was first analyzed by Friedman Test then analyzed by Wilcoxon rank sum test. *P values < 0.05 were considered to be significant. Statistical analyses were performed on SPSS 20.0 software.




Results


PRDM1 was Sufficient for Inducing Human Primary T Cell Hyporesponsiveness

We first analyzed relationship between the expression level of PRDM1 in donor-derived T cells and the occurrence of GVHD after allo-HSCT. We detected the expression level of PRDM1 in CD4+ T cells and CD8+ T cells from bone marrow (BM) allografts or peripheral blood (PB) allografts and monitored for the occurrence of GVHD after HSCT for 2 years. Low expression levels of PRDM1 in both CD4+ T cells and CD8+ T cells from BM or PB grafts correlated with aGVHD in patients after allo-HSCT but not in those without aGVHD, and the results in CD4+ T cells from BM or PB grafts were statistically significant (Figures 1A, B and Figures S1A, B, Table S1). Moreover, T cells from patients with aGVHD (n = 7) showed lower PRDM1 expression levels than those without aGVHD in the same period after HSCT (n = 7) (Figure 1C, Table S2). These results suggested that high expression of PRDM1 in T cells might be related to T cell tolerance in GVHD patients. To investigate whether PRDM1 inhibited T cell activation in human primary T cells, we overexpressed PRDM1 in CD3+ T cells from healthy donors with lentivirus. T cells were purified from healthy donors and stimulated with CD3/CD28 beads, then infected with control GFP expressing lentivirus or PRDM1-overexpressing lentivirus (Figures S1C, D). qPCR analysis showed that PRDM1 expression level was significantly increased in the PRDM1 overexpression group (LV-PRDM1) compared with that in the control group (LV-Control) (Figure S2A). Overexpressed PRDM1 in CD3+ T cells did not change the proportion of CD4+ T cells, CD8+ T cells or the ratio of CD4/CD8 in human primary T cells (Figures S2B–D). A trend toward inhibition of CD8+ T cell proliferation was observed in PRDM1 overexpressed group (Figures 1D, E). IL-4 secretion level was increased in CD4+ and CD8+ T cells from PRDM1-overexpession group compared with that control group (Figures 1F, G and Figure S2E). CD4+CD25+FOXP3+ Treg cell subset expansion was also observed in the LV-PRDM1 group compared with the LV-Control group (Figures 1H, I). To further investigate whether Treg expansion or induction of FOXP3 expression contributes to the Treg cells increasing in PRDM1 overexpressed T cells, firstly we analyzed the Ki67 level in Treg cells. The results showed that the proliferation ability had no difference between Treg cells in PRDM1 overexpressing group compared with control group (Figure S2F). Then we overexpressed PRDM1 in CD4+CD25- T cells from healthy donors with lentivirus. CD4+CD25- T cells were isolated by negative selection with CD25 microbeads followed by positive selection with CD4 microbeads. Then CD4+CD25- T cells were stimulated with CD3/CD28 beads and infected with control GFP expressing lentivirus or PRDM1-overexpressing lentivirus. Flow cytometry analysis showed that Treg (CD4+CD25+FOXP3+) cells were increased in PRDM1 overexpressing group compared with control group (Figures S2G, H). The protein level of FOXP3 was also increased in CD4+CD25+ subsets from PRDM1 overexpressing group compared with control group (Figure S2I, J), which is indicated that Treg cells increased in PRDM1 overexpressed T cells mainly due to high expression level of PRDM1 induced FOXP3 expression level. Moreover, we detected Treg cell population and FOXP3 protein levels in aGVHD and non-GVHD patients by flow cytometry. The results showed that the ratio of Treg cells was decreased in aGVHD patients compared with non-GVHD patients (Figures S3A, B, Table S3). The protein level of FOXP3 was also decreased in CD4+CD25+ T cells from aGVHD patients compared with non-GVHD patients (Figures S3C, D, Table S3). These results indicated that low PRDM1 expression level might corelated with low FOXP3 protein level and decreased Treg cells in patients with aGVHD. Taken together, our results indicated high expression level of PRDM1 in human primary T cells promoted T cells into hyporesponsiveness state.

Our previous study analyzed the transcriptome of G-CSF-mobilized T cells and found upregulated expression levels of PRDM1 (22). We validated this result via qPCR, and the PRDM1 expression level was upregulated in G-CSF-mobilized T cells from healthy donors (Figure S4A). To verify the necessity of PRDM1 for T cell tolerance, we knocked down the expression level of PRDM1 in G-CSF-mobilized T cells. Consistent with the previous results, inhibiting the PRDM1 expression level decreased the ratio of Treg cell subset (Figure S4B, Figure 1J). However, the IL-4 secretion level in CD4+ T cells or CD8+ T cells showed no difference in PRDM1 knockdown group compared with that scramble group (Figure S4C). The expression level of FOXP3 was decreased after PRDM1 knockdown (Figure 1K). These data demonstrated that high expression level of PRDM1 inhibited T cell activation and induced hyporesponsiveness in human primary T cells.



T Cells Highly Expressing PRDM1 Exhibited Tolerance-Related Transcription Profiles

Due to the long coding region of PRDM1, the infection efficiency in primary T cells is very low (Figures S1C, D), it is difficult to acquire a sufficient number of PRDM1-overexpression CD4+ or CD8+ T cells for further multiomics sequencing. Considering that overexpressed PRDM1 in human primary T cells did not alter the proportion of CD4+ and CD8+ T cells, we performed multiomics sequencing on sorted infected bulk CD3+ T cells (GFP+). RNA-seq analysis showed that several negative regulators of T cell function like EOMES (1), KLF2 (23), LILRB1 (24), KLRB1 (25), and CD244 (also known as 2B4) (26), were upregulated in the PRDM1-overexpression group compared with the control group (Figure 2A). GO analysis showed that there was enrichment of the negative regulation of the cell proliferation signaling pathway in the PRDM1-overexpression group (Figure 2B). Analysis of pathway activity revealed that PRDM1 overexpression resulted in a global reduction in IL-2 and inflammatory response signaling pathways, suggesting a major impact on the global state of T cells (Figures 2C, D). We further validated the RNA-seq results via qPCR. A similar expression profile was observed in the LV-PRDM1 group (Figure 2E). These results demonstrated that high expression level of PRDM1 promoted human primary T cells exhibiting tolerance-related transcription profiles.




Figure 2 | T cell highly expressing PRDM1 exhibited tolerant transcription profiling. (A) RNA-seq volcano plots comparing gene expression between PRDM1-overexpressing T cells and control T cells (n = 3). FDR q-value < 0.01, |log2fold change| > 1.5. (B) Gene pathway enrichment analysis for the upregulated genes in PRDM1-overexpressing T cells. (C, D) GSEA pathway enrichment plot in PRDM1-overexpressing T cells versus control T cells. NESs and P values are shown for each gene set. P values were calculated by Kolmogorov-Smirnov test. (E) Quantitative real-time PCR was used to validate upregulated and downregulated genes in PRDM1-overexpressing T cells detected by RNA-seq (n = 5). Wilcoxon rank sum test was performed to assess the significance of relative gene expression. *P < 0.05.





PRDM1 Mediated Transcriptional Regulation of T Cell Tolerance

Previous results showed that PRDM1 overexpression elevated the expression of several T cell hyporesponsiveness-related genes. To further investigate the mechanism of PRDM1 regulating T cell transcriptome, we conducted CUT&Tag assessment of PRDM1 to define its target genes. We investigated the abundance of PRDM1 binding sites around transcription start sites (TSSs) and found that the majority of detected PRDM1 binding sites were enriched at TSSs (Figure 3A and Figure S5A). Nearly 50% of PRDM1 binding sites were located in promoter regions (Figure 3B and Figure S5B). Combined analysis of CUT&Tag and transcriptome data (RNA-seq) revealed that 477 genes were directly bound and regulated by PRDM1 (Figure 3C). Among these genes, several T cell inhibitory genes were directly upregulated by PRDM1, such as KLRD1 (also known as CD94) (27, 28) (Figures 3D, E). T cell tolerance-maintaining genes like KLF2 (23) were also upregulated by PRDM1 (Figures 3D, E). A previous study showed that loss of expression of chemokines such as CCL3, CCL4 and CCR5 was correlated with T cell migration and activation in autoimmune mouse models (29). We also found that PRDM1 directly upregulated CCL3, CCL4 and CCR5 in human primary T cells and might contribute to T cell hyporesponsiveness in PRDM1-overexpressing T cells (Figures 3D E). Consistent with a previous study in a mouse model (30), PRDM1 directly downregulated IL2 gene expression levels in human primary T cells (Figure 3D). Analyzing the DNA binding motifs in the PRDM1 CUT&Tag data revealed the expected PRDM1 motif (Figure 3F). Moreover, binding sites for several key T cell regulation-related TFs, such as FRA1, FOS, BATF, JUNB and AP-1, were also significantly enriched in locations in which PRDM1 bound (Figure 3F), suggesting that PRDM1 might act as a master regulator during T cell hyporesponsiveness.




Figure 3 | PRDM1 directly upregulated T cell inhibitory gene expression in primary T cells. (A) Aggregate plot of PRDM1 binding site around transcription start sites. (B) Locations of PRDM1 binding sites. (C) The overlap between PRDM1 target genes and differential expression genes in PRDM1-overexpressing T cells compared with control T cells. (D) Heatmap showed PRDM1 directly regulated differential expression genes in PRDM1-overexpressing T cells (OE group) compared with control T cells (CT group). FDR q-value < 0.05, |log2fold change| > 1. (E) WashU browser views showed PRDM1 biding sites (CUT&Tag) and related gene expression level (RNA-seq). (F) Top 7 enriched transcription factor motifs in the PRDM1 CUT&Tag peaks are shown.





PRDM1 Remodeled the Chromatin Accessibility of Key T Cell Tolerance Regulation-Related Target Regions

As we observed that the binding sites of PRDM1 enriched several key T cell regulator motifs, we hypothesis that PRDM1 might act as a core factor during T cell hyporesponsiveness process. Therefore, we performed ATAC-seq on PRDM1-overexpressing primary T cells and control T cells. Most open chromatin regions (OCRs) showed enrichment of gene body regions (Figure 4A and Figure S5C–E). Although there were abundant OCRs in both PRDM1-overexpressing T cells and control T cells, fewer OCRs were different between the control and PRDM1 overexpression groups, with equal numbers of peaks gained or lost (Figures 4A, B). Most of the changes were located in intronic, intergenic and promoter regions (Figure 4C). We next assigned each OCR to the nearest gene to identify genes that could be regulated by these cis-regulatory elements. We found that most of differentially accessible (DA) region proximal genes in PRDM1-overexprssion T cells were PRDM1 target genes (77%, Figures 4D and Figure S5F). For example, BATF3 showed gained chromatin accessibility in the PRDM1 overexpression group, which might be related to the increased IL-4 secretion in PRDM1-overexpressing T cells (31, 32) (Figure 4D). The T cell inhibitory gene CTLA4 showed gained chromatin accessibility in the PRDM1 overexpression group, consistent with the hyporesponsive phenotype of T cells after PRDM1 overexpression (Figures 4D, E). In contrast, IL2RA and IL2 showed decreased chromatin accessibly in the PRDM1 overexpression group, consistent with the RNA-seq and CUT&Tag data (Figures 4D, E), which indicated that PRDM1 bound to the IL2 locus and remodeled the chromatin structure during regulation of the IL-2 signaling pathway. Next, we identified the TF motifs present in the OCRs that were dependent on PRDM1 for altered accessibility. Interestingly, there were a high number of overlapping TF motifs between the changed OCR-enriched TF motifs and the PRDM1 binding site-enriched TF motifs, such as FRA1, BATF, JUNB and AP-1 (Figures 3F, Figure 4F). This result suggested that PRDM1 altered chromatin accessibility when it bound to target sites. Because these regions are the binding sites of TFs that play a central role in regulating T cell function, PRDM1 might act as a core TF in regulating T cell hyporesponsiveness.




Figure 4 | PRDM1 reshaped the epigenetic profile of T cell tolerance regulation-related target regions. (A) Categories of cis-element in all open chromatin regions (OCRs). (B) Overall OCR peak changes for PRDM1-overexpressing T cells compared to control T cells. (C) Categories of cis-element OCR peaks that changed between PRDM1-overexpressing T cells and control T cells. (D) Heatmap shown differentially accessible (DA) peaks overlapped with the PRDM1 CUT&Tag binding peaks between PRDM1-overexpressing T cells and control T cells. Selected genes assigned to the peaks are indicated. FDR q-value < 0.05. (E) WashU browser views showed PRDM1 biding sites (CUT&Tag), related gene expression level (RNA-seq) and chromatin accessibility (ATAC-seq). (F) Transcription factor motif gain or loss associated with overexpression of PRDM1. X axis represents the -logP value of the motif enrichment. Y axis represents the fold change of the motif enrichment. Targeted motifs in the changed OCR between the LV-PRDM1 and LV-Control groups were compared to the whole genome background to calculate p value and fold change.





PRDM1 Induced FOXP3 Expression by Directly Binding to Upstream Enhancers and Indirectly by Upregulating KLF2

Our previous results showed that FOXP3 was coexpressed with PRDM1 in human primary T cells, which is FOXP3 expression level was increased in PRDM1 overexpressed T cells and FOXP3 expression level was decreased in PRDM1 knockdown T cells (Figure 2A, E and 1J). To further verify the coexpression relationship of FOXP3 with PRDM1, we overexpressed PRDM1 in the Jurkat cell line and performed western blotting. The results also showed increased mRNA and protein levels of FOXP3 in the LV-PRDM1 group compared with the LV-Control group (Figure 5A and Figures S6A–C). Considering that Jurkat cells are a tumor cell line and might have different characteristics from primary T cells, we analyzed the phenotype of Jurkat cells overexpressing PRDM1. The results showed that a high expression level of PRDM1 inhibited the proliferation of Jurkat cells and arrested Jurkat cells in the G1 phase (Figures S6D, E). qPCR results showed downregulation of the cell cycle-activating gene CCND2 (Figure S6F). Pan-histone deacetylase (HDAC) inhibitors have been reported to elevate PRDM1 expression levels in follicular lymphoma cells (33). Here, we employed PCI-24781 (abexinostat), a novel HDAC inhibitor, to treat Jurkat cells and found that PCI-24781 inhibited Jurkat proliferation and elevated mRNA and protein expression levels of both PRDM1 and FOXP3 (Figure 5B and Figures S6G–I). These results indicated that PRDM1 inhibited T cell function in both human primary T cells and leukemia T cells. Moreover, FOXP3 was coexpressed with PRDM1 in human T cells.




Figure 5 | PRDM1 induced FOXP3 expression by directly binding to upstream enhancer and indirectly by upregulating KLF2. (A) Western blot showed the protein level of PRDM1 and FOXP3 in PRDM1 overexpressing Jurkat T cells compared with control T cells (two experiment repeats). (B) Quantitative real-time PCR showed the expression level of PRDM1 and FOXP3 in Jurkat cells treated with DMSO or PCI-24781. (C) Density of beta values distribution in PRDM1-overexpressing T cells and control T cells. (D) Heatmap showed the degree of methylation at each CpG motif according to the color code. (E) WashU browser views showed PRDM1 biding sites and histone modifications around FOXP3 gene locus. (F) Quantitative real-time PCR showed the expression level of PRDM1, KLF2 and FOXP3 in control T cells, PRDM1-overexpressing T cells and KLF2 inhibitor GGPP treated PRDM1-overexpressing T cells, respectively (n = 6). Friedman Test showed the P value is 0.03 for PRDM1, KLF2 and FOXP3. Then P value was analyzed by Wilcoxon rank sum test. ***P < 0.05.



Previous studies have reported that Prdm1 deficiency in mouse Treg cells leads to heavy methylation of CNS2 in the Foxp3 locus and a loss of Foxp3 expression (10). To investigate the mechanism underlying the elevated FOXP3 mRNA and protein levels in PRDM1-overexpressing T cells, we analyzed the genomic methylation level in PRDM1-overexpressing primary T cells with the MethylationEPIC BeadChip array. Unsupervised clustering showed that overexpression of PRDM1 did not change the methylation level of the genome of primary T cells (Figures S7A–C). The generated density plot and boxplot showed that there were no significant changes in the distribution of the beta values in PRDM1-overexpressing T cells (OE group) compared with the control group (CT) (Figure 5C). To further investigate whether PRDM1 changes the methylation level of the FOXP3 locus, we employed pyrosequencing to identify the specific methylation pattern of the FOXP3 gene region. According to a previous study, we chose amplicon 4 (Amp4) and amplicon 5 (Amp5) according to previous study in T cells (20), these regions also include the CNS2 region of the FOXP3 gene (Figure S7D). The results showed that there were similar methylation patterns in the Amp4 and Amp5 regions between PRDM1-overexpressing T cells and control T cells (Figure 5D). These results demonstrated that PRDM1 did not upregulate FOXP3 by changing the methylation pattern and that the regulatory mechanism by which PRDM1 affects FOXP3 in human T cells may be different from that in the mouse model.

To further investigate the mechanism underlying PRDM1-induced FOXP3 expression, we analyzed the PRDM1 binding region around the FOXP3 locus. PRDM1 did not bind to the FOXP3 gene coding region but bound upstream of the FOXP3 locus (Figure 5E). We integrated histone modification data (CUT&Tag data of the enhancer marker H3K27ac and the promoter marker H3K4me3 in primary T cells) from our previous study (22). Interestingly, the PRDM1 binding site around the FOXP3 locus was in the enhancer region, which is also the promoter region of PPP1R3F (Figure 5E). PPPIR3F is a protein-coding gene; however, it is barely expressed in T cells. Our RNA-seq data also showed a low expression level of PPPIR3F in PRDM1-overexpressing T cells and control T cells (Figure 5E). These results indicated that PRDM1 might directly activate FOXP3 expression level by bring upstream enhancer into physical proximity with FOXP3 promoter. Previous studies have shown that the TF KLF2 stabilizes Foxp3 expression levels and enhances Treg cell maintenance of peripheral tolerance in mouse models (23, 34). We also observed that PRDM1 directly upregulated KLF2 based on RNA-seq and CUT&Tag data (Figure 3E). To determine whether KLF2 is involved in FOXP3 upregulation in PRDM1-overexpressing T cells, we used the KLF2 inhibitor GGPP to treat PRDM1-overexpressing human primary T cells. The results showed that PRDM1 overexpression elevated both KLF2 and FOXP3 expression levels, while the KLF2 inhibitor downregulated both KLF2 and FOXP3 expression levels (Figure 5F). This result demonstrated that KLF2 also involved in PRDM1 regulating FOXP3 expression level. Taken together, these results indicated there might exist distinct mechanism of PRDM1 upregulating FOXP3 expression level, which is directly binding to FOXP3 upstream enhancer and indirectly by upregulating KLF2.




Discussion

Here, we systematically report the central role of PRDM1 in inducing human primary T cell hyporesponsiveness. Overexpression of PRDM1 in human primary T cells induced Treg cell expansion and increased IL-4 secretion. Inhibiting PRDM1 expression decreased the ratio of Treg cells. Moreover, the transcriptional profile of PRDM1-overexpressing T cells exhibited tolerance-related signatures. Integrated multiomics analysis demonstrated that PRDM1 altered the chromatin accessibility of PRDM1 binding sites, which are also binding sites of many key regulators of T cell function. We also found that PRDM1 directly upregulated FOXP3 by binding to the upstream enhancer region of the FOXP3 locus and indirectly upregulated KLF2.

The essential role of Prdm1 in maintaining T cell homeostasis and self-tolerance has been well established by conditional knockout mouse models. Studies have shown that Prdm1 controls the later stages of T cell maturation and homeostasis (35–37). Loss of PRDM1 function led to an accumulation of effector T cells and severe multiorgan inflammation (7, 8). PRDM1 was found to directly bind to the Il2 and Fos genes to inhibit the production of IL-2 and attenuated the proliferation of activated T cells (30, 38). Although accumulated evidence indicates the essential role of Prdm1 in maintaining T cell tolerance, the global regulatory model of PRDM1 in T cell tolerance has not been revealed. We took advantage of multiomics technology and systematically analyzed the transcriptional and epigenetic profiles of PRDM1-overexpressing human T cells. Previous study identified PRDM1 inhibited IL-2 in mouse model (30), we also observed inactive IL-2 in PRDM1 overexpressing human primary T cells by integrating analysis of RNA-seq, ATAC-seq and CUT&Tag data. Xin et al. found that in Prdm1-/- T cells, chemotaxis and adhesion molecules (Ccl3, Ccl9) and effector marker (Gzma, Klrg1) were downregulated (39). Here in our study, we also found chemotaxis and adhesion related genes including CCL3, CCL4, CCL5, CCR2 and CCR5 were upregulated in PRDM1 overexpressing human primary T cells, and effector markers including GZMA and KLRD1 were upregulated in PRDM1 overexpressing human primary T cells. Another study showed that Prdm1-/- Treg cells downregulated Foxp3 and Ctla4 (40), which is consistent with that we observed increased FOXP3 expression level and increased chromatin accessibility of CTLA4 in PRDM1 overexpressing human primary T cells. Moreover, we found PRDM1 remodeled the chromatin accessibility in the region of several key T cell regulation TFs binding sites, such as JUNB, AP-1, BATF, which suggests that PRDM1 might act as a core TF that first altering the chromatin accessibility of key T cell regulatory TFs binding sites, then TFs bind to those accessible target genes and regulate the genes expression. These results consistent with recent work by Yoshikawa et al. which is PRDM1 regulating T cell chromatin accessibility in human engineered T cells (41). However, due to the limitation of cell numbers, we did not analyze the regulation network of PRDM1 in human primary CD4+ T cells and CD8+ T cells separately. Considering the different characteristics of CD4+ and CD8+ T cells, it is still necessary to investigate the PRDM1 regulation network in specific cell subsets.

Prdm1-mediated stability of Foxp3 expression maintains Treg cell function (42, 43). Previous studies in mouse models showed that PRDM1 cooperated with IRF4 to control the differentiation and function of effector Treg cells (44). Further analysis demonstrated that PRDM1 maintained the CNS2 region of the Foxp3 gene in a demethylated state and supported Treg cell identity and suppressive function (10). However, another study showed that PRDM1 limited the number of Treg cells (9). The regulatory mechanism of PRDM1 on FOXP3 is still controversial in mouse models. Here in our study, we found FOXP3 was coexpressed with PRDM1 in human T cells which is FOXP3 was upregulated in PRDM1 overexpressed T cells and downregulated in PRDM1 knockdown T cell. We also found that PRDM1 binding to the upstream enhancer of FOXP3 locus. Previous studies demonstrated that TFs can bring an enhancer into physical proximity with a promoter by the three-dimensional (3D) looping of DNA (45, 46). Recently, Kawakami et al. revealed that two independently activated enhancers, Foxp3-CNS0 and Foxp3-CNS3, cooperatively induce and maintain Foxp3 expression for the establishment of self-tolerance in mouse models (47). The Foxp3-CNS0 enhancer in the mouse model is close to the position of the human FOXP3 enhancer we found but does not overlap. Therefore, our results and related evidence in mouse models demonstrated that PRDM1 might directly activate FOXP3 expression level by bring upstream enhancer into physical proximity with FOXP3 promoter.

The necessary and sufficient role of PRDM1 in T cell tolerance induction and maintenance has been identified by our and previous studies. It might be helpful to upregulate PRDM1 expression levels in T cells to treat immune diseases such as GVHD. However, no specific PRDM1 agonist has been reported. Pan-HDAC inhibitors have been reported to elevate PRDM1 expression levels in follicular lymphoma cells (33), and we also found that another pan-HDAC inhibitor, PCI-24781, could elevate PRDM1 expression levels in T cell acute lymphoblastic leukemia (T-ALL) cells. We also treated human primary T cells with PCI-24781 but found that it had little effect on upregulated PRDM1 expression levels in vitro. Considering the master role of PRDM1 in the induction of T cell hyporesponsiveness, it is worth developing a specific agonist of PRDM1.

In summary, our study provides a global regulatory model of PRDM1 in human primary T cells. We present PRDM1 as a sufficient regulator in the induction of T cell hyporesponsiveness that alters chromatin accessibility, directly upregulates T cell inhibitory signals and downregulates T cell activation signals. In addition, our study provides new evidence for PRDM1 regulating FOXP3 expression level in human T cells.
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