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Although the variation in chromatin architecture during adaptive immune responses has been thoroughly investigated, the 3D landscape of innate immunity is still unknown. Herein, chromatin regulation and heterogeneity among human primary monocytes were investigated. Peripheral blood was collected from two healthy persons and two patients with systemic lupus erythematosus (SLE), and CD14+ monocytes were selected to perform Hi-C, RNA-seq, ATAC-seq and ChIP-seq analyses. Raw data from the THP1 cell line Hi-C library were used for comparison. For each sample, we constructed three Hi-C libraries and obtained approximately 3 billion paired-end reads in total. Resolution analysis showed that more than 80% of bins presented depths greater than 1000 at a 5 kb resolution. The constructed high-resolution chromatin interaction maps presented similar landscapes in the four individuals, which showed significant divergence from the THP1 cell line chromatin structure. The variability in chromatin interactions around HLA-D genes in the HLA complex region was notable within individuals. We further found that the CD16-encoding gene (FCGR3A) is located at a variable topologically associating domain (TAD) boundary and that chromatin loop dynamics might modulate CD16 expression. Our results indicate both the stability and variability of high-resolution chromatin interaction maps among human primary monocytes. This work sheds light on the potential mechanisms by which the complex interplay of epigenetics and spatial 3D architecture regulates chromatin in innate immunity.
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Introduction

Chromatin is hierarchically packaged into the nucleus of higher eukaryotes to organize the three-dimensional (3D) genome structure (1), which is responsible for precise transcriptional regulation by facilitating or restricting regulatory element interactions (2). Over the last decade, the 3D genome architecture associated with cell fate and function under both physiological and pathological conditions has garnered much attention and has been intensively investigated through advanced techniques (3, 4). Chromosome conformation capture (3C) technologies, from 3C, 4C, 5C to chromatin interaction analysis with paired-end tag sequencing (ChIA-PET) and Hi-C, have become increasingly appreciated for their ability to facilitate the comprehensive identification of genome-wide contact frequencies (5, 6), which can reveal chromatin organization features, including A/B compartments, TADs and loops (7, 8). Evidence demonstrating the role of the 3D genome organization in governing long-range regulatory interactions is now available (9, 10), and such work provides a new blueprint for investigating the influence of spatiotemporal changes in 3D architecture during normal evolution and disease occurrence (11).

Chromatin interactions play a fundamental role in establishing and maintaining the functions of immune cells during development, differentiation and activation in autoimmune diseases (12, 13). An analysis of genome organization performed in 17 human primary hematopoietic cell samples by promoter capture Hi-C (PCHi-C) indicated that the promoter interactomes are highly cell-type specific (14). Much evidence has validated the concept that transient changes in the genomic architecture in human B cells and CD4+/CD8+ T cells require the recruitment of specific lineage-defining transcription factors, chromatin remodelers, and histone modifiers to modulate gene transcription and mediate B and T cell lineage commitment (15–17). While a series of studies on chromatin 3D organization have focused on adaptive immune responses, little is known about its role in innate immunity. The issue associated with 3D structure in innate immune cells that has been investigated is long-range looping interactions during differentiation from monocyte precursors (THP1 cell line) to mature macrophages (18, 19), which suggested the possibility that the spatial 3D structure might regulate innate immunologic processes. In general, almost all of the available Hi-C maps have been displayed in cultured immune cells. In addition, recent research combining associated genetic variants identified from Genome-wide Association Studies (GWASs) with 3D structures observed in different immune cell physiological states has revealed potential regulatory connections of these noncoding region variants related to the pathogenesis of autoimmune diseases (20, 21); this work has yielded pivotal insights into how autoimmunity is triggered by susceptible polymorphisms (22).

To date, chromatin architecture variation during adaptive immune response has been thoroughly investigated, although few previous research on Hi-C had been performed in primary monocytes, there still lacks a high-resolution 3D landscape in innate immunity and analysis of individual difference. SLE, as the examined autoimmune condition, is a highly heterogeneous autoimmune disease characterized by the production of numerous autoantibodies and chronic inflammation (23). SLE can systematically and severely affect multiple organs, including central nervous system and peripheral nervous system. Therefore, the present study was designed to first present high-resolution chromatin interaction maps of human primary monocytes and then to make further efforts to elucidate the immunological heterogeneity of the 3D genome structure. We hope to provide insight into the functional regulation of monocytes in innate immunity by comparing healthy controls and SLE patients to identify significant epigenetic profiles associated with chromatin accessibility as well as histone modification patterns correlated with the transcriptional profiles of human primary monocytes, as evidenced by integrated datasets from assay for transposase-accessible chromatin sequencing (ATAC-seq), chromatin immunoprecipitation with sequencing (ChIP-seq), and RNA sequencing (RNA-seq) analyses.



Materials and Methods


Antibodies and Reagents

The antibodies and reagents used in this study were as follows: Alexa Fluor® 488 mouse anti-human CD14 was purchased from BD Pharmingen™ (561706). 7-Amino-actinomycin D (7-AAD) was purchased from BD Pharmingen™ (559925). Protease inhibitors were purchased from Sigma (P8340-5 ml). Biotin-14-dCTP and Proteinase K (Fungal) were purchased from Invitrogen (19518-018; 25530-031). DNA polymerase I, large (Klenow) fragment, was obtained from NEB (M0210S). T4 DNA ligase, T4 DNA polymerase and T4 DNA ligation buffer were all purchased from NEB (M0202L; M0203L; B0202).



Study Subjects

SLE patients (n=2, SLE-1; SLE-2) were recruited from Shandong provincial hospital affiliated to Shandong university. All patients with SLE met the revised diagnostic criteria of the American College of Rheumatology (1997), and other systematic or autoimmune diseases were excluded (24). None of the patients had been using systemic or topical medication before, and all were characterized by high ANA and dsDNA antibody levels and low-level clinical symptoms during sample collection. Disease activity was measured using the SLE Disease Activity Index scoring system. The control population (n=2, CTR-1; CTR-2) consisted of unrelated individuals matched for ethnicity, age, and sex. The four donors were all 25 years old. Valid informed consent was obtained from each participant. The study design conformed to the ethical guidelines and was approved by the ethics committee of Shandong Provincial Hospital affiliated to Shandong first medical university.



Preparation of Monocytes

From each donor, a 150 ml blood sample was collected, and 30 ml of fresh peripheral blood was collected at each sampling time to keep the cells as active as possible. Ficoll-Paque (GE 17-1440-02) density gradient centrifugation was used to separate peripheral blood mononuclear cells (PBMCs) within 2 h. The PBMCs were stained and incubated with an antibody cocktail (7-AAD and Alexa Fluor® 488 mouse anti-human CD14) in darkness at room temperature for 20 min. After incubation, the cells were washed twice with 1% heat-inactivated fetal bovine serum diluted in PBS for fluorescence-activated cell sorting (FACS). The cells were sorted by flow cytometry using a FACS Aria III system (Becton Dickinson), and approximately 5 million cells per sample were obtained and defined as CD14+ monocytes. The activity of the selected CD14+ primary monocytes reached greater than 95%.



RNA-Seq and Data Analysis

The RNA-seq of monocytes was performed via the Smart-Seq2 method. Briefly, samples were collected in tubes with lysis components and ribonuclease inhibitors. An Oligo-dT primer was introduced to the reverse transcription reaction for first-strand cDNA synthesis, followed by PCR amplification to enrich cDNA and a MagBeads purification step to clean up the product. Then, the cDNA product was checked with a Qubit® 3.0 Fluorometer and Agilent 2100 Bioanalyzer to verify the expected product with a length of approximately 1~2 kb. Next, the cDNA was randomly sheared by ultrasonication according to the Illumina library preparation protocol, which included DNA fragmentation, end repair, 3’ end A-tailing, adapter ligation, PCR amplification and library validation. After library preparation, the PerkinElmer Lab ChIP® GX Touch system and the Step OnePlus™ Real-Time PCR system were used for library quality inspection. Qualified libraries were then loaded on the Illumina HiSeq platform for PE150 sequencing. Sequencing data were mapped to the human reference genome (ucsc.hg19) using HISAT2 v2.1.0. fragments per kilobase of transcript per million mapped reads (FPKM) values for each gene were calculated. RNA-seq data were shown in Supplementary Data Sheet 1 and the quality control of RNA-seq was in Figure S1.



ATAC-Seq and Data Analysis

Approximately 50,000 living cells were used for each library preparation. The cells were lysed in lysis buffer to obtain nuclei, and the TruePrep™DNA Library Prep Kit V2 for Illumina (Vazyme Biotech) was used to construct transposase-treated libraries. The mass concentration and molar concentration of the libraries were determined with a Qubit 3.0 Fluorometer and the StepOnePlus™ Real-Time PCR system, respectively, and the lengths of the inserted fragments were determined with an Agilent HS 2100 Bioanalyzer. Qualified libraries were sequenced on the Illumina HiSeq platform in paired-end 150 bp mode. The data were mapped to the human reference genome (ucsc.hg19) with Bowtie2 (version 2.2.3), and binding sites were identified by using MACS2 (version 2.1.1) with the following parameters ‘-q 0.05 –nomodel –extsize 150 –keep-dup all –call-summits’. ATAC-seq data were shown in Supplementary Data Sheet 2 and the quality control of ATAC-seq was in Figure S2.



ChIP-Seq and Data Analysis

Nuclear extracts from approximately one million cells and chromatin were sheared to an average size of 200 bp with a sonicator (Bioruptor Pico, Diagenode). Then, the samples were immunoprecipitated with 2.5 μg of H3K27me3 (ab6002), anti-H3K4me3 (ab39915) and anti-H3K27Ac (ab39133) pAbs antibodies. After incubation at 4°C overnight, the antibodies were recovered with 25 μl of Protein A/G magnetic beads (Millipore 16-663). After reverse crosslinking, ChIP-ed DNA was extracted with a MinElute Reaction Cleanup Kit (Qiagen 28206). Purified DNA from H3K27me3, H3K27Ac and H3K4me3 ChIP assays was adapter ligated and PCR amplified for sequencing on the HiSeq2000 platform using a TruSeq DNA Library Prep Kit (Illumina). After sequencing, reads were quality-filtered according to the Illumina pipeline. The data were aligned to the human reference genome (ucsc.hg19) with Bowtie2 (version 2.2.3), and binding sites were identified with MACS2 (version 2.1.1). ChIP-seq data were shown in Supplementary Data Sheet 3 and the quality control of ChIP-seq was in Figure S3.



Hi-C and Data Analyses


Hi-C Library

Approximately one million monocytes were crosslinked with 40 ml of a 1% formaldehyde solution at room temperature for 10 min, and 2.5 M glycine was added to quench the crosslinking reaction. The crosslinked cells were resuspended in 500 µl of ice-cold Hi-C lysis buffer and rotated at 4°C for 30 min. The nuclei were washed with 0.5 ml of restriction enzyme buffer, and the chromatin was solubilized with diluted SDS. After quenching the SDS with Triton X-100, overnight digestion with cutter restriction enzymes (400 units MboI) was performed at 37°C. The DNA ends were marked with biotin-14-dCTP, and blunt-end ligation of crosslinked fragments was performed. The proximal chromatin DNA was religated with a ligation enzyme, and the nuclear complexes were reverse crosslinked at 65°C. The DNA was purified, and biotin-C was removed from the nonligated fragment ends using T4 DNA polymerase. The fragments were sheared to sizes of 100-500 base pairs by sonication. The fragment ends were then repaired with a mixture of T4 DNA polymerase, T4 polynucleotide kinase and Klenow DNA polymerase. Biotin-labeled Hi-C samples were specifically enriched using streptavidin magnetic beads. The fragment ends were subjected to A-tailing with Klenow (exo-), and an Illumina paired-end sequencing adapter was then added with a ligation mixture. Finally, the Hi-C libraries were amplified via 8-10 cycles of PCR and sequenced on an Illumina HiSeq instrument in PE150 mode.

The raw sequence data of the THP1 cell line Hi-C library were downloaded from ENCODE (Encyclopedia of DNA Elements Project Consortium) from experiment ENCSR748LQF (https://www.encodeproject.org/experiments/ENCSR748LQF/), which included two replicates (ENCBS615XLU, assigned as THP1-1; ENCBS913QYS, assigned as THP1-2) and analyzed via the same pipelines.



Hi-C Data Mapping, Filtering and Generation of Contact Matrices

FASTQ files were firstly subjected to quality control with fastp (version 0.14) software before mapping stages. We used the integrated pipeline of HiC-Pro (V2.7.8) to process the data from the clean FASTQ files to obtain contact maps with default parameters (MIN_MAPQ=10; BOWTIE2_GLOBAL_OPTIONS = very-sensitive; BOWTIE2_LOCAL_OPTIONS = very-sensitive; BIN_SIZE = 20000, 40000, 150000, 500000, 1000000), which mainly included two-step mapping using Bowtie2 and binning to generate a genome-wide interaction map. The resulting contact matrices were normalized using iterative correction and eigenvector decomposition (ICED, MAX_ITER = 100, FILTER_LOW_COUNT_PERC = 0.02; FILTER_HIGH_COUNT_PERC = 0; EPS = 0.1) (25).

The loops were called by using HiCCUPS (8) with the default parameters, which examines each pixel in a Hi-C contact matrix and identifies those with enriched contact frequencies relative to local neighborhoods.

To calculate the average contact probability (Ps), we divided the genome into 1 M bins. For each distance (1 M, 2 M, 3 M, etc.), we used the observed interaction frequency to calculate the expected value via LOWESS fitting at the corresponding distance (26). The relative contact probability (RCP) was computed for each chromosome, and the insulation score was used to call TADs. The above analysis was performed with GENOVA package by functions of insulation_score and callTAD.

The multiHiCcompare packages was used for comparative analysis. Briefly, the interaction matrix was firstly performed fast loess normalization (fastlo function) and performed exact test-based difference detection among groups (hic exactTest function). The composite MD plot were plotted by MD_composite function.

The visualization of chromatin interactions were preformed with the help of washU Epigenome Browser (27) and hicrep package.



Resolution Analysis

For Hi-C resolution calculation, the whole genome was divided into bins of the same size (1 M, 500 k, 200 k, 100 k, 40 k, 20 k, 10 k, 5 k, or 1 k), and valid pairs were then used to determine the coverage of every bin. We sorted the bins in descending order according to the coverage depth of the 75th, 80th, and 90th bins. At a specific resolution, when the minimum depth of the 80th bin reached 1000, we considered the sequencing depth to have reached the same resolution, which was then used as the highest resolution. The results showed that the resolution reached 5 kb and could be used for loop analysis.




Genotyping of the Human Leukocyte Antigen (HLA) Region

About 200 ng sample of genomic DNA from each individual was sheared with a Biorupter (Diagenode, Belgium) to acquire 150~200 bp fragments. The ends of the DNA fragments were repaired, and an Illumina adapter was added (Fast Library Prep Kit, iGeneTech, Beijing, China). After constructing the sequencing library, the target regions were captured with an AI-HLA-Cap Enrichment Kit (iGeneTech, Beijing, China) and sequenced on an Illumina platform (Illumina, San Diego, CA) with 150 base pair paired‐end reads. Raw reads were filtered to remove low-quality reads by using FastQC, and the clean reads were then mapped to the reference sequences in the HLA dictionary and typed to generate HLA types for HLA-A, HLA-B, HLA-C, HLA-DPB1, HLA-DQB1, and HLA-DRB1 by using HLA-HD Software.



Statistics

The Mann-Whitney test (unpaired) or the Wilcoxon matched-pair signed-rank test (paired) was performed to analyze the data. For multiple comparisons, analyses were performed using the Kruskal-Wallis test followed by Tukey’s test (unpaired) or Friedman’s test followed by Dunn’s test (paired). All analyses were performed with R 4.0. Statistical significance was reported as follows: *P < 0.05, **P < 0.01, ***P < 0.001.




Results


High-resolution Chromatin Interaction Maps of Monocyte Samples

The CD14+ primary monocytes from the peripheral blood of two SLE patients and two healthy donors were isolated and crosslinked to obtain high-resolution chromatin interaction maps. To determine whether the whole-genome chromatin conformation differed between the two groups, we constructed three MboI-digested Hi-C libraries for each sample. We combined the data from the replicates to obtain more than 1.2 billion valid reads in approximately 3 billion paired-end reads for the subsequent analysis. The valid rates for CTR-1, CTR-2, SLE-1 and SLE-2 were 67.02%, 63.33%, 70.39% and 68.35%, respectively (valid rate above 60%, Table S1).

Given the absence of high-resolution chromatin interaction maps of primary monocytes before, we used the Hi-C map of the human monocyte cell line THP1 as the reference for comparison. The data of THP1 were downloaded from the ENCODE database and processed consistently under the same pipeline as the four primary samples for the uniform standards for comparison. Due to the THP1 cell line was established from leukaemia patient, we especially checked the status of chromosomal rearrangement. In the genome wide cis and trans interactions (Figure S4), we could see that the normalized mean interactions within chromatin (cis) were always stronger than the interactions between chromatins, thus there was no large chromosomal rearrangement. However, the strengthened trans-interaction between the left end of 9p and right end of 11q (Figures S4C, 4D) suggested a proportion of chromosome rearrangement, and it might influence corresponding local chromatin structure.

The general characteristics of the high-resolution chromatin interaction maps from the four primary monocyte samples and two repeats of the THP1 cell line are summarized in Figure 1. The resolution analysis showed that the results for the four primary individual samples reached more than 80% of bins at a depth greater than 1000 at a 5 kb resolution, which were similar with THP1 data (Figure 1A). These results indicated that our data were of high quality in both breadth and depth.




Figure 1 | Chromatin interaction map of monocyte. The summary of high-resolution chromatin interaction maps of monocyte, including four primary monocyte samples of SLE-1, SLE-2, CTR-1, CTR-2 and two repeats of THP1. (A) Resolution analysis of the Hi-C data from six samples, the horizontal axis indicates the bin size of resolution, the vertical axis indicates the depth of reads. (B) The relative contact probability (RCP) in chromosome 1 and chromosome 2. (C) The heatmap of genome-wide chromatin interaction in 1Mb bin, the colors present logarithmic transformed normalized interaction value, Both the cis- (within chromosome) and trans- (inter chromosome) interactions are presented.





High-Quality Chromatin Interaction Patterns of Monocyte Samples

We thoroughly explored the chromatin interaction patterns of the six monocyte samples at different levels. The relative contact probability (RCP) was computed to estimate the distance-dependent contact frequencies in chromosome level. The RCPs maps indicated the interaction frequency decayed with increasing distance in the six monocyte samples, while the curves for the four primary monocyte samples were largely in accord and differed slightly from those for the two THP1 repeats. Chromosome 1 and chromosome 2 are shown in Figure 1B, maps for other chromosomes are shown in Figure S5.

Subsequently, we extracted the contact matrix of the six samples for further analysis and the genome compartment classification analysis was performed to category the A/B compartments (Figure 2). The normalized chromatin interactions of 100 kb resolution on chromosome 1 are shown in Figure 2A, whose upper and lower triangles represent different samples. The delta Hi-C matrix calculated by subtracting the genome-wide Hi-C interaction were shown in Figure S6. The circle diagram shown in Figure 2B displays the genome-wide A/B compartment distribution observed in the four samples. The TADs are defined as genomic clusters of chromatin interaction that act as both structural and functional units (28). We identified TADs using the clustering-based Hi-C domain finder (CHDF) method (29). Figure 2C describes the TADs on chromosome 1 in the four primary monocyte samples with the Hi-C interactive heat map.




Figure 2 | Landscapes of primary monocytes. The different levels of Hi-C maps of four primary monocyte samples (SLE-1, SLE-2, CTR-1 and CTR-2). (A) Heatmaps of normalized chromatin interactions (100 kb bin) in chromosome 1. The upper and lower triangles represented different samples, and to be specific, the first heatmap represents SLE-1 (upper) and SLE-2 (lower), and the second heatmap represents CTR-1 (upper) and CTR-2 (lower). (B) The genome-wide A/B compartment distribution of the four samples. (C) The insulation scores and TAD boundaries in chromosome 1 among the four samples.



The above results roughly shown hierarchical chromatin conformations and interaction patterns revealed by Hi-C maps in the four primary monocyte samples.



Compartments and TADs Show No Significant Difference Among the Four Primary Monocyte Samples

To determine whether the chromatin conformations differed between primary cells and THP1 cell line or between the healthy and patient groups, we performed comparative analysis in different levels.

The correlation analysis of genome-wide A/B compartment exhibited high similarity among the four primary monocyte samples (Figure S7) with only a few regions presenting compartment switching between SLE patients and health individuals. The involved genes (353 genes) around switching regions and the KEGG enrichment analysis were presented in Table S2. In consist with the conservatism in genome compartmentalization, the interaction pattern shown in the heatmap of matrix also present high similarity among the four primary monocyte samples (Figure 1C). Subsequently, we extracted the contact matrix of the six samples for further analysis. Figure 1C shows the heat map of the genome-wide chromatin interactions in the 1 Mb bin, and both the cis (within-chromosome) and trans (between-chromosome) interactions are represented with logarithmic transformed normalized interaction values. The interaction pattern was distributed along the diagonal in the matrix maps, and the cis/trans ratio of our data was normal. In addition, we observed a similar organization pattern along the heatmap diagonal for the healthy and patient samples, and the contact frequency between each chromosome appeared unchanged according to the Hi-C data for the four primary monocyte samples.

Overall, the four peripheral blood monocyte samples from different individuals showed roughly similar landscapes of chromatin interaction frequencies (Figures 1B, C), interaction matrices (Figure 2A), A/B compartments (Figure 2B) and TAD boundaries (Figure 2C). The differences between two of the individuals in some genome regions were found to be relatively significant when the SLE-1 sample was compared to the CTR-2 sample (discussed later), but few consistent changes could be found between the SLE patients and healthy people. Our results indicated that the primary monocyte samples displayed a highly conserved structural pattern in terms of genome organization.

To more rigorously assess the homogeneity and divergence among individuals, we employed several comparative methods for Hi-C maps. The package of multiHiCcompare provided integrated algorithms to normalize and assess differences between Hi-C datasets, which could well remove biases across multiple datasets and detect decay of chromatin interaction frequencies. In the multiple-dataset comparative analysis, the primary samples differed significantly from the THP1 cells in the interaction matrix at a 100-kb resolution (chromosome 1 and chromosome 6 in Figure 3A, other chromosomes in Figures S8 and S9, while the differences between SLE and control groups were mostly not significant.




Figure 3 | Comparison of Hi-C. Comparison of Hi-C among primary monocytes and THP1 by different methods. (A) The results from multiHiCcompare. The upper part displays the MD plot of comparison between four primary samples and two repeats of THP1, the lower part displays the difference matrix between primary monocytes and THP1. Here the results of chromosome 1 and chromosome 6 are presented. (B) The correlation matrix between the six samples. The pair-wised stratum-adjusted correlation coefficients (SCC) are calculated using hicrep package. The results of chromosome 1-6 are presented. (C) The aggregate peak analysis (APA) among the six samples. Here the we set CTR-2 as reference.



The HiCRep package provided a stratum-adjusted correlation coefficient to assess the reproducibility of Hi-C data, and we used this method to do correlation analysis among the six samples (Figure 3B shows the correlation matrix among the six samples, and the results for chromosomes 1 to 6 are presented, other chromosome data are shown in Figure S10). According to the pairwise correlation coefficients, the similarly was greater than 0.97 within the THP1 repeats or within primary sample groups, but was greatly dropped between primary cells and THP1 repeats.

The aggregate peak analysis (APA) was designed to collect loop calls from Hi-C data and detect enriched pattern of loops. To access the difference of loops in genome wide, we chose the TAD boundary of the CTR-2 (the TAD boundary of CTR-2 exhibited the strongest effect among the four primary cells) sample as a reference to calculate the interaction enrichment of each sample. The results (Figure 3C) were represented as the difference compared to CTR-2 (minus the value of CTR-2). We found that the loop interaction was slightly decreased in the SLE-1 sample (blue) but significantly increased in the THP1 repeats (red), while the other samples showed little difference.

Collectively, all of these analyses indicated stability of chromatin interactions within individual samples and significant divergence between the THP1 cell line and primary monocytes at chromatin higher structure.



Notable Variability of Chromatin Interactions Around the HLA Complex Region Within Individuals

Although we observed high conservation of the main structural features among the primary monocytes, the HLA complex region on chromosome 6 (6p21.3) presented notable variability in genome-wide cis-chromatin interactions (Figure 4A), which consists of genes belonging to MHC class I (classical genes: HLA-A, HLA-B and HLA-C; nonclassical genes: HLA-E, HLA-F and HLA-G), MHC class II (classical genes: HLA-DP, HLA-DQ and HLA-DR; nonclassical HLA genes: HLA-DM and HLA-DO) and MHC class III (complement and cytokine genes) (30). Figure 4B shows the insulation scores (lower) of the six samples around the HLA complex region (chr6: 29 Mb-35 Mb, hg19) and their differences between primary cells and the THP1 cell line (upper).




Figure 4 | The polymorphism around HLA complex region. (A) The HLA complex region in chromosome 6 (upper) and the chromatin interactions of six samples around this region. (B) The value of insulation score of six samples (lower) and their difference to THP1-1 around HLA complex region (chr6: 29Mb-35Mb, hg19). (C) The heatmaps of pair-wised difference matrix.



From the interactive matrix heat map, we deduced that in the p21.33 region, where HLA-C is located, THP1 cells presented fewer interactions than the primary samples, while THP1 presented more interactions at p21.32. Among primary monocytes, the variability was most significant around the HLA-D gene region of p21.32. Consistent with Figure 4A, in the p21.32 region, the SLE-1 sample showed the strongest chromatin interaction, and sample CTR-2 showed a relatively weak interaction. To show the differences between the samples, Figure 4C provides the heat maps of the pairwise difference matrix, where red represents enhancement, blue represents weakening, and the intensity of the color indicates the degree of the difference between samples. As shown by these comparison results, the four primary monocyte samples and the two THP1 cell line repeats showed large differences in certain regions of the polypeptides encoded by the HLA complex genes. Among the four primary cell lines, the difference between SLE-1 and CTR-2 was largest in this region, which was consistent with the results presented in Figures 4A, B.



Potential Effects of Chromatin Interactions in the HLA Region

To investigate how chromatin organization influences the transcription and epigenetics of primary monocytes, in addition to Hi-C library preparation, the remaining collected monocytes of the four individuals were subjected to RNA-seq and ATAC-seq. Furthermore, three of the samples (SLE-1, SLE-2, CTR-2) underwent ChIP-seq analyses of H3K4me3, H3K27ac and H3K27me3.

The RNA-seq, ATAC-seq and ChIP-seq results for HLA complex genes were presented in Figure 5. We found that the expression of HLA-DRB was higher in the SLE samples than in the CTR samples through RNA-seq; however, ATAC-seq and ChIP-seq did not provide consistent results, possibly because of the limited sample size and the high clinical heterogeneity and low quality of the samples. According to the RNA-seq results, HLA-DRB was strongly expressed in SLE-1 and weakly expressed in CTR-2, which was consistent with the chromatin interactions around this region, as shown in Figure 4B. The genotyping of the HLA regions (HLA-A, HLA-B, HLA-C, HLA-DPB1, HLA-DRB1 and HLA-DQB1) in the four primary samples was also performed (Figure S11), and all of these loci were heterozygous except for HLA-DRB1*15:01:01 and HLA-DQB1*06:02:01 in SLE-1. This result indicated that the high polymorphism of the DNA sequence might influence the 3D genome structure and then affect the regulation of associated gene expression patterns.




Figure 5 | The results of RNA-seq, ATAC-seq and ChIP-seq of H3K27me3, H3K27ac and H3K4me4 around HLA complex region.





Dynamic Chromatin Loops Might Regulate CD16 Expression

We next explored the 3D genome around the FCGR3A (Fc gamma receptor III A, also known as CD16), which is a dominant functional regulator in primary monocytes. The CD16 positive monocytes played pivotal immune surveillance functions in central nervous system and the upregulated FCGR3A is also related to the activation of microglial phagocytic capacity in neuroinflammation. A summary of the characteristics of this region is provided in Figure 6, including the insulation score values (Figure 6A) and the presence of loops (Figure 6B) and chromatin interactions (Figure 6C) in the six samples around the CD16-encoding gene as well as the results of RNA-seq, ATAC-seq and ChIP-seq analyses of H3K27me3, H3K27ac and H3K4me4 around this region (Figure 6D).




Figure 6 | The 3D structure around CD16 coding gene. (A) The insulation score value of six samples around CD16 coding genes. (B) The loops of six samples around this region. (C) The chromatin interactions around this region. (D) The results of RNA-seq, ATAC-seq and ChIP-seq of H3K27me3, H3K27ac and H3K4me4 around this region.



There were many SLE susceptibility-related SNPs in the region, among which we used rs403016 as a landmark, which is located in the coding region of the FCGR3A gene and has been reported to be associated with an increased risk of developing SLE. In our primary monocyte 3D structure maps, this SNP was shown to be located near a TAD boundary on chromosome 1q23 (Figure 6A). The low insulation score of the rs403016 region indicated that this region contained a TAD boundary. Considering that this value varied among the primary samples, we inferred that TAD boundary sliding may have occurred. Despite the conservation of the separation of chromatin interactions in this region on a large scale in both the cell lines and primary samples (Figure 6A), the contact maps varied near this region (Figure 6C), which was more meaningful.

In the FCGR3A promoter region (around rs403016), the loop distribution in the SLE-2 sample was similar to that in the THP1 cell line, while it differed considerably from those in the other three primary samples. In particular, the SLE-2 sample presented an increased interaction loop around the FCGR3A promoter, while the SLE-1 sample did not show this loop (Figures 6B, C). According to GeneHancer database, an enhancers (chr1:161,590,591-161,600,917) of FCGR3A had been identified by eQTLs, eRNA_co-expression assay (Figure S12). This enhancer overlapped the right side of varied loop (left side: 161.52M-161.53M, right side: 161.60M-161.61M), which bridged the enhancer to the promoter region of FCGR3A. Accordingly, the expression of FCGR3A was highest in the SLE-2 sample and lowest in SLE-1 (RNA-seq results in Figure 6D, and validated in qRT-PCR in Figure S1E) without significant differences according to ATAC-seq and ChIP-seq (Figure 6D), which could be attributed to the diverse loop to the upstream enhancer.




Discussion

As yet the whole-genome 3D organization of primary human monocytes has not been thoroughly revealed. To fill this gap, herein we present 3D genomic maps of monocytes from peripheral blood samples collected from four individuals. Our Hi-C maps reach 5 kb resolution with high quality, which ensures the subsequent analysis is credible.

Through careful comparative analysis, we found that the primary monocyte samples showed roughly similar chromatin landscapes in terms of chromatin interaction frequencies, interaction matrices, A/B compartments and TAD boundaries, and few consistent patterns were found between the SLE patients and healthy controls. The primary samples displayed a highly conserved structural pattern of genome organization despite the different autoimmune statuses of their donors; even though two of the samples came from SLE patients, they all consisted of normal somatic cells with no deficiency. These negative results further confirmed that chromatin undergoes significant changes in high-level structures only when major structural changes, such as balanced translocations or deletions of large regions, occur with chromosomes. The observed conservation of advanced structures was consistent with biological rules and reflects a stable structural pattern of immune cells at different stages of autoimmunity.

In the present study, Hi-C data from the human monocyte cell line THP1 were also reanalyzed as a reference. The results showed that the 3D high-resolution maps of THP1 cells significantly differed from those of our primary monocyte samples according to unbiased assessment based on APA and comparative and correlation analyses of multiple Hi-C datasets. A previous investigation involving capture Hi-C was performed to compare the commonalities and differences in promoter interactions between CD34+ hematopoietic progenitor cells and the human B cell line GM12878, and the results indicated that alternate long-range interactions determined differential transcription programs in different cell types (31). The engineered THP-1 cell line, derived from the peripheral blood of an individual with acute monocytic leukemia, is usually used as a model to study the modulation of monocytes and macrophage functions (32). The divergence of the 3D chromatin structure of this cell line from that of primary monocytes is not surprising because THP1 cells are aneuploid cells; however, these differences could reduce the validity of THP1-based analysis. As shown in the correlation analysis of Figure 3, we found that in most of the genome region, the degree of variation between the 4 different individuals is similar to that of the two biological repeats of THP1 cells. This result also indicated that the primary monocytes are highly conserved in 3D genome.

Our 3D chromatin maps also showed significant diversity in the HLA region among individuals. The chromatin interactions around HLA-DQ and HLA-DR differed mostly among different primary monocyte samples and were associated with nearby gene expression. Genetic variation in intergenic regions of the HLA MHC-II locus is associated with multiple autoimmune diseases (33). Recent evidence has shown that significant diversity in histone modifications and super enhancer (SE) interactions within HLA-DR/DQ promoters or intergenic regions might dynamically contribute to SLE morbidity (34) or regulate the complexity of immune responses between individuals (35). Our findings indicate the underlying regulation of chromatin interactions around the HLA region, and the results were consistent with previous reports in B or T cells, while considering cell-type specificity, we firstly provide evidence of potential 3D regulation pattern in primary monocytes.

In this work, additional genotyping data showed that SLE-1 presented homozygosity of HLA-DRB1 (*15:01:01) and HLA-DQB1 (*06:02:01). Considering that SLE-1 presented the strongest chromatin interactions among the four studied individuals, we speculated that a relationship exists between the genotype and the strong chromatin interactions of these HLA regions. HLA-DRB1*15:01/DQB1*06:02 has been identified as the strongest classical SLE susceptibility-related allele in individuals of European, African, and Hispanic ancestries (36–38). Haplotypes bearing DRB1*1501/DQB1*0602 are key determinants of autoantibody production and disease susceptibility in human SLE (39). Great interest has been focused on the DRB1*1501/DQB1*0602 haplotype, which confers risk of autoimmunity resulting from changes in the epigenome (40). Therefore, it is reasonable to consider that the DRB1*1501/DQB1*0602 haplotype can potentially be therapeutically targeted by altering the 3D architecture to regulate the immune response in SLE pathogenesis.

We found that the FCGR3A was located at a variable TAD boundary and that the dynamics of chromatin loops might modulate CD16 expression. According to the surface expression of CD16 (FCGR3A), monocytes can be grouped into three subpopulations (41). The proportion of CD16-positive monocytes is tightly linked with certain autoimmune diseases (42–44), and many susceptibility-related SNPs around these regions have been validated in population studies (45, 46). Previous studies have explored the epigenetic regulatory mechanisms of CD16 in monocytes or other immune cells (47, 48). Here, we present the first evidence of chromatin loop-mediated regulation in this region based on the observed variation in the TAD boundary in the FCGR3A gene region, which indicated that the expression of CD16 was dominated by chromatin interactions. The identified enhancer loop regulations in FCGR3A suggested potential therapeutic target in autoimmune neurological diseases.

Nevertheless, taken together, our results indicate both the stability and variability of high-resolution chromatin interaction maps among human primary monocytes. The detailed 3D genomic landscape obtained in this work reveals potential regulatory functions related to monocytes. Our work highlights the complex interplay of the epigenetic and spatial 3D chromatin changes that are necessary to regulate gene expression and potentially mount an effective immune response. However, further functional experiments will be required for the validation of this work. The role of the 3D architecture in innate immunity is a topic of ongoing investigation.
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Supplementary Figure 3 | Quality control of ChIP-seq. (A) The gene body normalized reads (RPKM) density plot of the nine ChIP-seq sample. (B) The heatmap of correlation matrix of normalized reads within the nine samples. (C) The gene body normalized reads (RPKM) heatmap of the nine ChIP-seq samples.
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Supplementary Figure 5 | The relative contact probability (RCP) in all chromosomes. The full landscape of.

Supplementary Figure 6 | Genome-wide all by all Hi-C interaction minus. From Delta Hi-C, it was nearly no difference in SLE group and CTR group in a comparative large scale (1M resolution).

Supplementary Figure 7 | A/B compartment correlation and switch rate stat. A/B compartment between SLE group and CTR group were similar and had low switch Rate.

Supplementary Figure 8 | The MD plot of comparison in all chromosomes. The full landscape of (upper panel).

Supplementary Figure 9 | The difference matrix between primary monocytes and THP1 in all chromosomes. The full landscape of (lower panel).

Supplementary Figure 10 | The correlation matrix between the six samples in all chromosomes. The full landscape of.

Supplementary Figure 11 | The genotyping in HLA region.

Supplementary Figure 12 | The evidence of enhancer regulation of FCGR3A. The loops of the six samples were the same as and the lower panel indicated the annotation of enhancer from GeneHancer database.
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    Front. Immunol. Frontiers in Immunology Front. Immunol. 1664-3224  Frontiers Media S.A.  10.3389/fimmu.2022.837336   Immunology  Original Research  Capturing 3D Chromatin Maps of Human Primary Monocytes: Insights From High-Resolution Hi-C    Xia Yu  1  2  †    Liu Xiaowen  1  2  †   Mu Wenli  1  2   Ma Chunyan  1  2   Wang Laicheng  1  2   Jiao Yulian  1  2   Cui Bin  1  2   Hu Shengnan  3   Gao Ying  3   Liu Tao  4    Sun Huanxin  1  2   Zong Shuai  1  2   Liu Xin  1  2    Zhao Yueran  1  2  *   1 Department of Central Laboratory, Shandong Provincial Hospital, Cheeloo College of Medicine, Shandong University,  Jinan,  China  2 Department of Central Laboratory, Shandong Provincial Hospital Affiliated to Shandong First Medical University,  Jinan,  China  3 Department of Clinical Laboratory, The First Affiliated Hospital of Shandong First Medical University & Shandong Provincial Qianfoshan Hospital,  Jinan,  China  4 Bioinformation Center, Annoroad Gene Technology (Beijing) Co., Ltd.,  Beijing,  China   Edited by: Juehua Yu, The First Affiliated Hospital of Kunming Medical University, China  Reviewed by: Linshan Shang, University of Minnesota Twin Cities, United States; Qian Li, Joslin Diabetes Center and Harvard Medical School, United States  *Correspondence: Yueran Zhao,  yrzhao2021@163.com  This article was submitted to Multiple Sclerosis and Neuroimmunology, a section of the journal Frontiers in Immunology  †These authors have contributed equally to this work and share first authorship  03 03 2022  2022 13 837336   16 12 2021  14 02 2022  Copyright © 2022 Xia, Liu, Mu, Ma, Wang, Jiao, Cui, Hu, Gao, Liu, Sun, Zong, Liu and Zhao 2022 Xia, Liu, Mu, Ma, Wang, Jiao, Cui, Hu, Gao, Liu, Sun, Zong, Liu and Zhao  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.  Although the variation in chromatin architecture during adaptive immune responses has been thoroughly investigated, the 3D landscape of innate immunity is still unknown. Herein, chromatin regulation and heterogeneity among human primary monocytes were investigated. Peripheral blood was collected from two healthy persons and two patients with systemic lupus erythematosus (SLE), and CD14 + monocytes were selected to perform Hi-C, RNA-seq, ATAC-seq and ChIP-seq analyses. Raw data from the THP1 cell line Hi-C library were used for comparison. For each sample, we constructed three Hi-C libraries and obtained approximately 3 billion paired-end reads in total. Resolution analysis showed that more than 80% of bins presented depths greater than 1000 at a 5 kb resolution. The constructed high-resolution chromatin interaction maps presented similar landscapes in the four individuals, which showed significant divergence from the THP1 cell line chromatin structure. The variability in chromatin interactions around HLA-D genes in the HLA complex region was notable within individuals. We further found that the CD16-encoding gene ( FCGR3A) is located at a variable topologically associating domain (TAD) boundary and that chromatin loop dynamics might modulate CD16 expression. Our results indicate both the stability and variability of high-resolution chromatin interaction maps among human primary monocytes. This work sheds light on the potential mechanisms by which the complex interplay of epigenetics and spatial 3D architecture regulates chromatin in innate immunity.  3D chromatin maps primary monocytes Hi-C HLA CD16          Introduction Chromatin is hierarchically packaged into the nucleus of higher eukaryotes to organize the three-dimensional (3D) genome structure ( 1), which is responsible for precise transcriptional regulation by facilitating or restricting regulatory element interactions ( 2). Over the last decade, the 3D genome architecture associated with cell fate and function under both physiological and pathological conditions has garnered much attention and has been intensively investigated through advanced techniques ( 3,  4). Chromosome conformation capture (3C) technologies, from 3C, 4C, 5C to chromatin interaction analysis with paired-end tag sequencing (ChIA-PET) and Hi-C, have become increasingly appreciated for their ability to facilitate the comprehensive identification of genome-wide contact frequencies ( 5,  6), which can reveal chromatin organization features, including A/B compartments, TADs and loops ( 7,  8). Evidence demonstrating the role of the 3D genome organization in governing long-range regulatory interactions is now available ( 9,  10), and such work provides a new blueprint for investigating the influence of spatiotemporal changes in 3D architecture during normal evolution and disease occurrence ( 11). Chromatin interactions play a fundamental role in establishing and maintaining the functions of immune cells during development, differentiation and activation in autoimmune diseases ( 12,  13). An analysis of genome organization performed in 17 human primary hematopoietic cell samples by promoter capture Hi-C (PCHi-C) indicated that the promoter interactomes are highly cell-type specific ( 14). Much evidence has validated the concept that transient changes in the genomic architecture in human B cells and CD4 +/CD8 + T cells require the recruitment of specific lineage-defining transcription factors, chromatin remodelers, and histone modifiers to modulate gene transcription and mediate B and T cell lineage commitment ( 15– 17). While a series of studies on chromatin 3D organization have focused on adaptive immune responses, little is known about its role in innate immunity. The issue associated with 3D structure in innate immune cells that has been investigated is long-range looping interactions during differentiation from monocyte precursors (THP1 cell line) to mature macrophages ( 18,  19), which suggested the possibility that the spatial 3D structure might regulate innate immunologic processes. In general, almost all of the available Hi-C maps have been displayed in cultured immune cells. In addition, recent research combining associated genetic variants identified from Genome-wide Association Studies (GWASs) with 3D structures observed in different immune cell physiological states has revealed potential regulatory connections of these noncoding region variants related to the pathogenesis of autoimmune diseases ( 20,  21); this work has yielded pivotal insights into how autoimmunity is triggered by susceptible polymorphisms ( 22). To date, chromatin architecture variation during adaptive immune response has been thoroughly investigated, although few previous research on Hi-C had been performed in primary monocytes, there still lacks a high-resolution 3D landscape in innate immunity and analysis of individual difference. SLE, as the examined autoimmune condition, is a highly heterogeneous autoimmune disease characterized by the production of numerous autoantibodies and chronic inflammation ( 23). SLE can systematically and severely affect multiple organs, including central nervous system and peripheral nervous system. Therefore, the present study was designed to first present high-resolution chromatin interaction maps of human primary monocytes and then to make further efforts to elucidate the immunological heterogeneity of the 3D genome structure. We hope to provide insight into the functional regulation of monocytes in innate immunity by comparing healthy controls and SLE patients to identify significant epigenetic profiles associated with chromatin accessibility as well as histone modification patterns correlated with the transcriptional profiles of human primary monocytes, as evidenced by integrated datasets from assay for transposase-accessible chromatin sequencing (ATAC-seq), chromatin immunoprecipitation with sequencing (ChIP-seq), and RNA sequencing (RNA-seq) analyses.  Materials and Methods  Antibodies and Reagents The antibodies and reagents used in this study were as follows: Alexa Fluor ® 488 mouse anti-human CD14 was purchased from BD Pharmingen™ (561706). 7-Amino-actinomycin D (7-AAD) was purchased from BD Pharmingen™ (559925). Protease inhibitors were purchased from Sigma (P8340-5 ml). Biotin-14-dCTP and Proteinase K (Fungal) were purchased from Invitrogen (19518-018; 25530-031). DNA polymerase I, large (Klenow) fragment, was obtained from NEB (M0210S). T4 DNA ligase, T4 DNA polymerase and T4 DNA ligation buffer were all purchased from NEB (M0202L; M0203L; B0202).  Study Subjects SLE patients (n=2, SLE-1; SLE-2) were recruited from Shandong provincial hospital affiliated to Shandong university. All patients with SLE met the revised diagnostic criteria of the American College of Rheumatology (1997), and other systematic or autoimmune diseases were excluded ( 24). None of the patients had been using systemic or topical medication before, and all were characterized by high ANA and dsDNA antibody levels and low-level clinical symptoms during sample collection. Disease activity was measured using the SLE Disease Activity Index scoring system. The control population (n=2, CTR-1; CTR-2) consisted of unrelated individuals matched for ethnicity, age, and sex. The four donors were all 25 years old. Valid informed consent was obtained from each participant. The study design conformed to the ethical guidelines and was approved by the ethics committee of Shandong Provincial Hospital affiliated to Shandong first medical university.  Preparation of Monocytes From each donor, a 150 ml blood sample was collected, and 30 ml of fresh peripheral blood was collected at each sampling time to keep the cells as active as possible. Ficoll-Paque (GE 17-1440-02) density gradient centrifugation was used to separate peripheral blood mononuclear cells (PBMCs) within 2 h. The PBMCs were stained and incubated with an antibody cocktail (7-AAD and Alexa Fluor ® 488 mouse anti-human CD14) in darkness at room temperature for 20 min. After incubation, the cells were washed twice with 1% heat-inactivated fetal bovine serum diluted in PBS for fluorescence-activated cell sorting (FACS). The cells were sorted by flow cytometry using a FACS Aria III system (Becton Dickinson), and approximately 5 million cells per sample were obtained and defined as CD14 + monocytes. The activity of the selected CD14 + primary monocytes reached greater than 95%.  RNA-Seq and Data Analysis The RNA-seq of monocytes was performed  via the Smart-Seq2 method. Briefly, samples were collected in tubes with lysis components and ribonuclease inhibitors. An Oligo-dT primer was introduced to the reverse transcription reaction for first-strand cDNA synthesis, followed by PCR amplification to enrich cDNA and a MagBeads purification step to clean up the product. Then, the cDNA product was checked with a Qubit ® 3.0 Fluorometer and Agilent 2100 Bioanalyzer to verify the expected product with a length of approximately 1~2 kb. Next, the cDNA was randomly sheared by ultrasonication according to the Illumina library preparation protocol, which included DNA fragmentation, end repair, 3’ end A-tailing, adapter ligation, PCR amplification and library validation. After library preparation, the PerkinElmer Lab ChIP ® GX Touch system and the Step OnePlus™ Real-Time PCR system were used for library quality inspection. Qualified libraries were then loaded on the Illumina HiSeq platform for PE150 sequencing. Sequencing data were mapped to the human reference genome (ucsc.hg19) using HISAT2 v2.1.0. fragments per kilobase of transcript per million mapped reads (FPKM) values for each gene were calculated. RNA-seq data were shown in   Supplementary Data Sheet 1 and the quality control of RNA-seq was in   Figure S1.  ATAC-Seq and Data Analysis Approximately 50,000 living cells were used for each library preparation. The cells were lysed in lysis buffer to obtain nuclei, and the TruePrep™DNA Library Prep Kit V2 for Illumina (Vazyme Biotech) was used to construct transposase-treated libraries. The mass concentration and molar concentration of the libraries were determined with a Qubit 3.0 Fluorometer and the StepOnePlus™ Real-Time PCR system, respectively, and the lengths of the inserted fragments were determined with an Agilent HS 2100 Bioanalyzer. Qualified libraries were sequenced on the Illumina HiSeq platform in paired-end 150 bp mode. The data were mapped to the human reference genome (ucsc.hg19) with Bowtie2 (version 2.2.3), and binding sites were identified by using MACS2 (version 2.1.1) with the following parameters ‘-q 0.05 –nomodel –extsize 150 –keep-dup all –call-summits’. ATAC-seq data were shown in   Supplementary Data Sheet 2 and the quality control of ATAC-seq was in   Figure S2.  ChIP-Seq and Data Analysis Nuclear extracts from approximately one million cells and chromatin were sheared to an average size of 200 bp with a sonicator (Bioruptor Pico, Diagenode). Then, the samples were immunoprecipitated with 2.5 μg of H3K27me3 (ab6002), anti-H3K4me3 (ab39915) and anti-H3K27Ac (ab39133) pAbs antibodies. After incubation at 4°C overnight, the antibodies were recovered with 25 μl of Protein A/G magnetic beads (Millipore 16-663). After reverse crosslinking, ChIP-ed DNA was extracted with a MinElute Reaction Cleanup Kit (Qiagen 28206). Purified DNA from H3K27me3, H3K27Ac and H3K4me3 ChIP assays was adapter ligated and PCR amplified for sequencing on the HiSeq2000 platform using a TruSeq DNA Library Prep Kit (Illumina). After sequencing, reads were quality-filtered according to the Illumina pipeline. The data were aligned to the human reference genome (ucsc.hg19) with Bowtie2 (version 2.2.3), and binding sites were identified with MACS2 (version 2.1.1). ChIP-seq data were shown in   Supplementary Data Sheet 3 and the quality control of ChIP-seq was in   Figure S3.  Hi-C and Data Analyses  Hi-C Library Approximately one million monocytes were crosslinked with 40 ml of a 1% formaldehyde solution at room temperature for 10 min, and 2.5 M glycine was added to quench the crosslinking reaction. The crosslinked cells were resuspended in 500 µl of ice-cold Hi-C lysis buffer and rotated at 4°C for 30 min. The nuclei were washed with 0.5 ml of restriction enzyme buffer, and the chromatin was solubilized with diluted SDS. After quenching the SDS with Triton X-100, overnight digestion with cutter restriction enzymes (400 units MboI) was performed at 37°C. The DNA ends were marked with biotin-14-dCTP, and blunt-end ligation of crosslinked fragments was performed. The proximal chromatin DNA was religated with a ligation enzyme, and the nuclear complexes were reverse crosslinked at 65°C. The DNA was purified, and biotin-C was removed from the nonligated fragment ends using T4 DNA polymerase. The fragments were sheared to sizes of 100-500 base pairs by sonication. The fragment ends were then repaired with a mixture of T4 DNA polymerase, T4 polynucleotide kinase and Klenow DNA polymerase. Biotin-labeled Hi-C samples were specifically enriched using streptavidin magnetic beads. The fragment ends were subjected to A-tailing with Klenow (exo-), and an Illumina paired-end sequencing adapter was then added with a ligation mixture. Finally, the Hi-C libraries were amplified  via 8-10 cycles of PCR and sequenced on an Illumina HiSeq instrument in PE150 mode. The raw sequence data of the THP1 cell line Hi-C library were downloaded from ENCODE (Encyclopedia of DNA Elements Project Consortium) from experiment ENCSR748LQF ( https://www.encodeproject.org/experiments/ENCSR748LQF/), which included two replicates (ENCBS615XLU, assigned as THP1-1; ENCBS913QYS, assigned as THP1-2) and analyzed  via the same pipelines.  Hi-C Data Mapping, Filtering and Generation of Contact Matrices FASTQ files were firstly subjected to quality control with fastp (version 0.14) software before mapping stages. We used the integrated pipeline of HiC-Pro (V2.7.8) to process the data from the clean FASTQ files to obtain contact maps with default parameters (MIN_MAPQ=10; BOWTIE2_GLOBAL_OPTIONS = very-sensitive; BOWTIE2_LOCAL_OPTIONS = very-sensitive; BIN_SIZE = 20000, 40000, 150000, 500000, 1000000), which mainly included two-step mapping using Bowtie2 and binning to generate a genome-wide interaction map. The resulting contact matrices were normalized using iterative correction and eigenvector decomposition (ICED, MAX_ITER = 100, FILTER_LOW_COUNT_PERC = 0.02; FILTER_HIGH_COUNT_PERC = 0; EPS = 0.1) ( 25). The loops were called by using HiCCUPS ( 8) with the default parameters, which examines each pixel in a Hi-C contact matrix and identifies those with enriched contact frequencies relative to local neighborhoods. To calculate the average contact probability (Ps), we divided the genome into 1 M bins. For each distance (1 M, 2 M, 3 M, etc.), we used the observed interaction frequency to calculate the expected value  via LOWESS fitting at the corresponding distance ( 26). The relative contact probability (RCP) was computed for each chromosome, and the insulation score was used to call TADs. The above analysis was performed with GENOVA package by functions of insulation_score and callTAD. The multiHiCcompare packages was used for comparative analysis. Briefly, the interaction matrix was firstly performed fast loess normalization (fastlo function) and performed exact test-based difference detection among groups (hic exactTest function). The composite MD plot were plotted by MD_composite function. The visualization of chromatin interactions were preformed with the help of washU Epigenome Browser ( 27) and hicrep package.  Resolution Analysis For Hi-C resolution calculation, the whole genome was divided into bins of the same size (1 M, 500 k, 200 k, 100 k, 40 k, 20 k, 10 k, 5 k, or 1 k), and valid pairs were then used to determine the coverage of every bin. We sorted the bins in descending order according to the coverage depth of the 75 th, 80 th, and 90 th bins. At a specific resolution, when the minimum depth of the 80 th bin reached 1000, we considered the sequencing depth to have reached the same resolution, which was then used as the highest resolution. The results showed that the resolution reached 5 kb and could be used for loop analysis.  Genotyping of the Human Leukocyte Antigen (HLA) Region About 200 ng sample of genomic DNA from each individual was sheared with a Biorupter (Diagenode, Belgium) to acquire 150~200 bp fragments. The ends of the DNA fragments were repaired, and an Illumina adapter was added (Fast Library Prep Kit, iGeneTech, Beijing, China). After constructing the sequencing library, the target regions were captured with an AI-HLA-Cap Enrichment Kit (iGeneTech, Beijing, China) and sequenced on an Illumina platform (Illumina, San Diego, CA) with 150 base pair paired‐end reads. Raw reads were filtered to remove low-quality reads by using FastQC, and the clean reads were then mapped to the reference sequences in the HLA dictionary and typed to generate HLA types for HLA-A, HLA-B, HLA-C, HLA-DPB1, HLA-DQB1, and HLA-DRB1 by using HLA-HD Software.  Statistics The Mann-Whitney test (unpaired) or the Wilcoxon matched-pair signed-rank test (paired) was performed to analyze the data. For multiple comparisons, analyses were performed using the Kruskal-Wallis test followed by Tukey’s test (unpaired) or Friedman’s test followed by Dunn’s test (paired). All analyses were performed with R 4.0. Statistical significance was reported as follows: *P < 0.05, **P < 0.01, ***P < 0.001.  Results  High-resolution Chromatin Interaction Maps of Monocyte Samples The CD14 + primary monocytes from the peripheral blood of two SLE patients and two healthy donors were isolated and crosslinked to obtain high-resolution chromatin interaction maps. To determine whether the whole-genome chromatin conformation differed between the two groups, we constructed three MboI-digested Hi-C libraries for each sample. We combined the data from the replicates to obtain more than 1.2 billion valid reads in approximately 3 billion paired-end reads for the subsequent analysis. The valid rates for CTR-1, CTR-2, SLE-1 and SLE-2 were 67.02%, 63.33%, 70.39% and 68.35%, respectively (valid rate above 60%,   Table S1). Given the absence of high-resolution chromatin interaction maps of primary monocytes before, we used the Hi-C map of the human monocyte cell line THP1 as the reference for comparison. The data of THP1 were downloaded from the ENCODE database and processed consistently under the same pipeline as the four primary samples for the uniform standards for comparison. Due to the THP1 cell line was established from leukaemia patient, we especially checked the status of chromosomal rearrangement. In the genome wide cis and trans interactions (  Figure S4), we could see that the normalized mean interactions within chromatin (cis) were always stronger than the interactions between chromatins, thus there was no large chromosomal rearrangement. However, the strengthened trans-interaction between the left end of 9p and right end of 11q (  Figures S4C, 4D) suggested a proportion of chromosome rearrangement, and it might influence corresponding local chromatin structure. The general characteristics of the high-resolution chromatin interaction maps from the four primary monocyte samples and two repeats of the THP1 cell line are summarized in   Figure 1. The resolution analysis showed that the results for the four primary individual samples reached more than 80% of bins at a depth greater than 1000 at a 5 kb resolution, which were similar with THP1 data (  Figure 1A). These results indicated that our data were of high quality in both breadth and depth.  Figure 1  Chromatin interaction map of monocyte. The summary of high-resolution chromatin interaction maps of monocyte, including four primary monocyte samples of SLE-1, SLE-2, CTR-1, CTR-2 and two repeats of THP1.  (A) Resolution analysis of the Hi-C data from six samples, the horizontal axis indicates the bin size of resolution, the vertical axis indicates the depth of reads.  (B) The relative contact probability (RCP) in chromosome 1 and chromosome 2.  (C) The heatmap of genome-wide chromatin interaction in 1Mb bin, the colors present logarithmic transformed normalized interaction value, Both the cis- (within chromosome) and trans- (inter chromosome) interactions are presented.   High-Quality Chromatin Interaction Patterns of Monocyte Samples We thoroughly explored the chromatin interaction patterns of the six monocyte samples at different levels. The relative contact probability (RCP) was computed to estimate the distance-dependent contact frequencies in chromosome level. The RCPs maps indicated the interaction frequency decayed with increasing distance in the six monocyte samples, while the curves for the four primary monocyte samples were largely in accord and differed slightly from those for the two THP1 repeats. Chromosome 1 and chromosome 2 are shown in   Figure 1B, maps for other chromosomes are shown in   Figure S5. Subsequently, we extracted the contact matrix of the six samples for further analysis and the genome compartment classification analysis was performed to category the A/B compartments (  Figure 2). The normalized chromatin interactions of 100 kb resolution on chromosome 1 are shown in   Figure 2A, whose upper and lower triangles represent different samples. The delta Hi-C matrix calculated by subtracting the genome-wide Hi-C interaction were shown in   Figure S6. The circle diagram shown in   Figure 2B displays the genome-wide A/B compartment distribution observed in the four samples. The TADs are defined as genomic clusters of chromatin interaction that act as both structural and functional units ( 28). We identified TADs using the clustering-based Hi-C domain finder (CHDF) method ( 29).   Figure 2C describes the TADs on chromosome 1 in the four primary monocyte samples with the Hi-C interactive heat map.  Figure 2  Landscapes of primary monocytes. The different levels of Hi-C maps of four primary monocyte samples (SLE-1, SLE-2, CTR-1 and CTR-2).  (A) Heatmaps of normalized chromatin interactions (100 kb bin) in chromosome 1. The upper and lower triangles represented different samples, and to be specific, the first heatmap represents SLE-1 (upper) and SLE-2 (lower), and the second heatmap represents CTR-1 (upper) and CTR-2 (lower).  (B) The genome-wide A/B compartment distribution of the four samples.  (C) The insulation scores and TAD boundaries in chromosome 1 among the four samples.  The above results roughly shown hierarchical chromatin conformations and interaction patterns revealed by Hi-C maps in the four primary monocyte samples.  Compartments and TADs Show No Significant Difference Among the Four Primary Monocyte Samples To determine whether the chromatin conformations differed between primary cells and THP1 cell line or between the healthy and patient groups, we performed comparative analysis in different levels. The correlation analysis of genome-wide A/B compartment exhibited high similarity among the four primary monocyte samples (  Figure S7) with only a few regions presenting compartment switching between SLE patients and health individuals. The involved genes (353 genes) around switching regions and the KEGG enrichment analysis were presented in   Table S2. In consist with the conservatism in genome compartmentalization, the interaction pattern shown in the heatmap of matrix also present high similarity among the four primary monocyte samples (  Figure 1C). Subsequently, we extracted the contact matrix of the six samples for further analysis.   Figure 1C shows the heat map of the genome-wide chromatin interactions in the 1 Mb bin, and both the cis (within-chromosome) and trans (between-chromosome) interactions are represented with logarithmic transformed normalized interaction values. The interaction pattern was distributed along the diagonal in the matrix maps, and the cis/trans ratio of our data was normal. In addition, we observed a similar organization pattern along the heatmap diagonal for the healthy and patient samples, and the contact frequency between each chromosome appeared unchanged according to the Hi-C data for the four primary monocyte samples. Overall, the four peripheral blood monocyte samples from different individuals showed roughly similar landscapes of chromatin interaction frequencies (  Figures 1B, C), interaction matrices (  Figure 2A), A/B compartments (  Figure 2B) and TAD boundaries (  Figure 2C). The differences between two of the individuals in some genome regions were found to be relatively significant when the SLE-1 sample was compared to the CTR-2 sample (discussed later), but few consistent changes could be found between the SLE patients and healthy people. Our results indicated that the primary monocyte samples displayed a highly conserved structural pattern in terms of genome organization. To more rigorously assess the homogeneity and divergence among individuals, we employed several comparative methods for Hi-C maps. The package of multiHiCcompare provided integrated algorithms to normalize and assess differences between Hi-C datasets, which could well remove biases across multiple datasets and detect decay of chromatin interaction frequencies. In the multiple-dataset comparative analysis, the primary samples differed significantly from the THP1 cells in the interaction matrix at a 100-kb resolution (chromosome 1 and chromosome 6 in   Figure 3A, other chromosomes in   Figures S8 and   S9, while the differences between SLE and control groups were mostly not significant.  Figure 3  Comparison of Hi-C. Comparison of Hi-C among primary monocytes and THP1 by different methods.  (A) The results from multiHiCcompare. The upper part displays the MD plot of comparison between four primary samples and two repeats of THP1, the lower part displays the difference matrix between primary monocytes and THP1. Here the results of chromosome 1 and chromosome 6 are presented.  (B) The correlation matrix between the six samples. The pair-wised stratum-adjusted correlation coefficients (SCC) are calculated using hicrep package. The results of chromosome 1-6 are presented.  (C) The aggregate peak analysis (APA) among the six samples. Here the we set CTR-2 as reference.  The HiCRep package provided a stratum-adjusted correlation coefficient to assess the reproducibility of Hi-C data, and we used this method to do correlation analysis among the six samples (  Figure 3B shows the correlation matrix among the six samples, and the results for chromosomes 1 to 6 are presented, other chromosome data are shown in   Figure S10). According to the pairwise correlation coefficients, the similarly was greater than 0.97 within the THP1 repeats or within primary sample groups, but was greatly dropped between primary cells and THP1 repeats. The aggregate peak analysis (APA) was designed to collect loop calls from Hi-C data and detect enriched pattern of loops. To access the difference of loops in genome wide, we chose the TAD boundary of the CTR-2 (the TAD boundary of CTR-2 exhibited the strongest effect among the four primary cells) sample as a reference to calculate the interaction enrichment of each sample. The results (  Figure 3C) were represented as the difference compared to CTR-2 (minus the value of CTR-2). We found that the loop interaction was slightly decreased in the SLE-1 sample (blue) but significantly increased in the THP1 repeats (red), while the other samples showed little difference. Collectively, all of these analyses indicated stability of chromatin interactions within individual samples and significant divergence between the THP1 cell line and primary monocytes at chromatin higher structure.  Notable Variability of Chromatin Interactions Around the HLA Complex Region Within Individuals Although we observed high conservation of the main structural features among the primary monocytes, the HLA complex region on chromosome 6 (6p21.3) presented notable variability in genome-wide cis-chromatin interactions (  Figure 4A), which consists of genes belonging to MHC class I (classical genes: HLA-A, HLA-B and HLA-C; nonclassical genes: HLA-E, HLA-F and HLA-G), MHC class II (classical genes: HLA-DP, HLA-DQ and HLA-DR; nonclassical HLA genes: HLA-DM and HLA-DO) and MHC class III (complement and cytokine genes) ( 30).   Figure 4B shows the insulation scores (lower) of the six samples around the HLA complex region (chr6: 29 Mb-35 Mb, hg19) and their differences between primary cells and the THP1 cell line (upper).  Figure 4  The polymorphism around HLA complex region.  (A) The HLA complex region in chromosome 6 (upper) and the chromatin interactions of six samples around this region.  (B) The value of insulation score of six samples (lower) and their difference to THP1-1 around HLA complex region (chr6: 29Mb-35Mb, hg19).  (C) The heatmaps of pair-wised difference matrix.  From the interactive matrix heat map, we deduced that in the p21.33 region, where HLA-C is located, THP1 cells presented fewer interactions than the primary samples, while THP1 presented more interactions at p21.32. Among primary monocytes, the variability was most significant around the HLA-D gene region of p21.32. Consistent with   Figure 4A, in the p21.32 region, the SLE-1 sample showed the strongest chromatin interaction, and sample CTR-2 showed a relatively weak interaction. To show the differences between the samples,   Figure 4C provides the heat maps of the pairwise difference matrix, where red represents enhancement, blue represents weakening, and the intensity of the color indicates the degree of the difference between samples. As shown by these comparison results, the four primary monocyte samples and the two THP1 cell line repeats showed large differences in certain regions of the polypeptides encoded by the HLA complex genes. Among the four primary cell lines, the difference between SLE-1 and CTR-2 was largest in this region, which was consistent with the results presented in   Figures 4A, B.  Potential Effects of Chromatin Interactions in the HLA Region To investigate how chromatin organization influences the transcription and epigenetics of primary monocytes, in addition to Hi-C library preparation, the remaining collected monocytes of the four individuals were subjected to RNA-seq and ATAC-seq. Furthermore, three of the samples (SLE-1, SLE-2, CTR-2) underwent ChIP-seq analyses of H3K4me3, H3K27ac and H3K27me3. The RNA-seq, ATAC-seq and ChIP-seq results for HLA complex genes were presented in   Figure 5. We found that the expression of HLA-DRB was higher in the SLE samples than in the CTR samples through RNA-seq; however, ATAC-seq and ChIP-seq did not provide consistent results, possibly because of the limited sample size and the high clinical heterogeneity and low quality of the samples. According to the RNA-seq results, HLA-DRB was strongly expressed in SLE-1 and weakly expressed in CTR-2, which was consistent with the chromatin interactions around this region, as shown in   Figure 4B. The genotyping of the HLA regions (HLA-A, HLA-B, HLA-C, HLA-DPB1, HLA-DRB1 and HLA-DQB1) in the four primary samples was also performed (  Figure S11), and all of these loci were heterozygous except for HLA-DRB1*15:01:01 and HLA-DQB1*06:02:01 in SLE-1. This result indicated that the high polymorphism of the DNA sequence might influence the 3D genome structure and then affect the regulation of associated gene expression patterns.  Figure 5  The results of RNA-seq, ATAC-seq and ChIP-seq of H3K27me3, H3K27ac and H3K4me4 around HLA complex region.   Dynamic Chromatin Loops Might Regulate CD16 Expression We next explored the 3D genome around the  FCGR3A (Fc gamma receptor III A, also known as CD16), which is a dominant functional regulator in primary monocytes. The CD16 positive monocytes played pivotal immune surveillance functions in central nervous system and the upregulated FCGR3A is also related to the activation of microglial phagocytic capacity in neuroinflammation. A summary of the characteristics of this region is provided in   Figure 6, including the insulation score values (  Figure 6A) and the presence of loops (  Figure 6B) and chromatin interactions (  Figure 6C) in the six samples around the CD16-encoding gene as well as the results of RNA-seq, ATAC-seq and ChIP-seq analyses of H3K27me3, H3K27ac and H3K4me4 around this region (  Figure 6D).  Figure 6  The 3D structure around CD16 coding gene.  (A) The insulation score value of six samples around CD16 coding genes.  (B) The loops of six samples around this region.  (C) The chromatin interactions around this region.  (D) The results of RNA-seq, ATAC-seq and ChIP-seq of H3K27me3, H3K27ac and H3K4me4 around this region.  There were many SLE susceptibility-related SNPs in the region, among which we used rs403016 as a landmark, which is located in the coding region of the  FCGR3A gene and has been reported to be associated with an increased risk of developing SLE. In our primary monocyte 3D structure maps, this SNP was shown to be located near a TAD boundary on chromosome 1q23 (  Figure 6A). The low insulation score of the rs403016 region indicated that this region contained a TAD boundary. Considering that this value varied among the primary samples, we inferred that TAD boundary sliding may have occurred. Despite the conservation of the separation of chromatin interactions in this region on a large scale in both the cell lines and primary samples (  Figure 6A), the contact maps varied near this region (  Figure 6C), which was more meaningful. In the  FCGR3A promoter region (around rs403016), the loop distribution in the SLE-2 sample was similar to that in the THP1 cell line, while it differed considerably from those in the other three primary samples. In particular, the SLE-2 sample presented an increased interaction loop around the  FCGR3A promoter, while the SLE-1 sample did not show this loop (  Figures 6B, C). According to GeneHancer database, an enhancers (chr1:161,590,591-161,600,917) of  FCGR3A had been identified by eQTLs, eRNA_co-expression assay (  Figure S12). This enhancer overlapped the right side of varied loop (left side: 161.52M-161.53M, right side: 161.60M-161.61M), which bridged the enhancer to the promoter region of  FCGR3A. Accordingly, the expression of  FCGR3A was highest in the SLE-2 sample and lowest in SLE-1 (RNA-seq results in   Figure 6D, and validated in qRT-PCR in   Figure S1E) without significant differences according to ATAC-seq and ChIP-seq (  Figure 6D), which could be attributed to the diverse loop to the upstream enhancer.  Discussion As yet the whole-genome 3D organization of primary human monocytes has not been thoroughly revealed. To fill this gap, herein we present 3D genomic maps of monocytes from peripheral blood samples collected from four individuals. Our Hi-C maps reach 5 kb resolution with high quality, which ensures the subsequent analysis is credible. Through careful comparative analysis, we found that the primary monocyte samples showed roughly similar chromatin landscapes in terms of chromatin interaction frequencies, interaction matrices, A/B compartments and TAD boundaries, and few consistent patterns were found between the SLE patients and healthy controls. The primary samples displayed a highly conserved structural pattern of genome organization despite the different autoimmune statuses of their donors; even though two of the samples came from SLE patients, they all consisted of normal somatic cells with no deficiency. These negative results further confirmed that chromatin undergoes significant changes in high-level structures only when major structural changes, such as balanced translocations or deletions of large regions, occur with chromosomes. The observed conservation of advanced structures was consistent with biological rules and reflects a stable structural pattern of immune cells at different stages of autoimmunity. In the present study, Hi-C data from the human monocyte cell line THP1 were also reanalyzed as a reference. The results showed that the 3D high-resolution maps of THP1 cells significantly differed from those of our primary monocyte samples according to unbiased assessment based on APA and comparative and correlation analyses of multiple Hi-C datasets. A previous investigation involving capture Hi-C was performed to compare the commonalities and differences in promoter interactions between CD34 + hematopoietic progenitor cells and the human B cell line GM12878, and the results indicated that alternate long-range interactions determined differential transcription programs in different cell types ( 31). The engineered THP-1 cell line, derived from the peripheral blood of an individual with acute monocytic leukemia, is usually used as a model to study the modulation of monocytes and macrophage functions ( 32). The divergence of the 3D chromatin structure of this cell line from that of primary monocytes is not surprising because THP1 cells are aneuploid cells; however, these differences could reduce the validity of THP1-based analysis. As shown in the correlation analysis of   Figure 3, we found that in most of the genome region, the degree of variation between the 4 different individuals is similar to that of the two biological repeats of THP1 cells. This result also indicated that the primary monocytes are highly conserved in 3D genome. Our 3D chromatin maps also showed significant diversity in the HLA region among individuals. The chromatin interactions around HLA-DQ and HLA-DR differed mostly among different primary monocyte samples and were associated with nearby gene expression. Genetic variation in intergenic regions of the HLA MHC-II locus is associated with multiple autoimmune diseases ( 33). Recent evidence has shown that significant diversity in histone modifications and super enhancer (SE) interactions within HLA-DR/DQ promoters or intergenic regions might dynamically contribute to SLE morbidity ( 34) or regulate the complexity of immune responses between individuals ( 35). Our findings indicate the underlying regulation of chromatin interactions around the HLA region, and the results were consistent with previous reports in B or T cells, while considering cell-type specificity, we firstly provide evidence of potential 3D regulation pattern in primary monocytes. In this work, additional genotyping data showed that SLE-1 presented homozygosity of HLA-DRB1 (*15:01:01) and HLA-DQB1 (*06:02:01). Considering that SLE-1 presented the strongest chromatin interactions among the four studied individuals, we speculated that a relationship exists between the genotype and the strong chromatin interactions of these HLA regions. HLA-DRB1*15:01/DQB1*06:02 has been identified as the strongest classical SLE susceptibility-related allele in individuals of European, African, and Hispanic ancestries ( 36– 38). Haplotypes bearing DRB1*1501/DQB1*0602 are key determinants of autoantibody production and disease susceptibility in human SLE ( 39). Great interest has been focused on the DRB1*1501/DQB1*0602 haplotype, which confers risk of autoimmunity resulting from changes in the epigenome ( 40). Therefore, it is reasonable to consider that the DRB1*1501/DQB1*0602 haplotype can potentially be therapeutically targeted by altering the 3D architecture to regulate the immune response in SLE pathogenesis. We found that the  FCGR3A was located at a variable TAD boundary and that the dynamics of chromatin loops might modulate CD16 expression. According to the surface expression of CD16 ( FCGR3A), monocytes can be grouped into three subpopulations ( 41). The proportion of CD16-positive monocytes is tightly linked with certain autoimmune diseases ( 42– 44), and many susceptibility-related SNPs around these regions have been validated in population studies ( 45,  46). Previous studies have explored the epigenetic regulatory mechanisms of CD16 in monocytes or other immune cells ( 47,  48). Here, we present the first evidence of chromatin loop-mediated regulation in this region based on the observed variation in the TAD boundary in the  FCGR3A gene region, which indicated that the expression of CD16 was dominated by chromatin interactions. The identified enhancer loop regulations in  FCGR3A suggested potential therapeutic target in autoimmune neurological diseases. Nevertheless, taken together, our results indicate both the stability and variability of high-resolution chromatin interaction maps among human primary monocytes. The detailed 3D genomic landscape obtained in this work reveals potential regulatory functions related to monocytes. Our work highlights the complex interplay of the epigenetic and spatial 3D chromatin changes that are necessary to regulate gene expression and potentially mount an effective immune response. However, further functional experiments will be required for the validation of this work. The role of the 3D architecture in innate immunity is a topic of ongoing investigation.  Data Availability Statement The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/  Supplementary Material.  Ethics Statement The studies involving human participants were reviewed and approved by the Ethics Committee of Shandong University in China. The patients/participants provided their written informed consent to participate in this study.  Author Contributions YZ designed the study and revised the manuscript. YX and XWL performed the research and wrote the manuscript. WM and CM analyzed the data. YJ and BC collected clinical samples. SH and YG sorted CD14 + primary monocytes. HS and XL performed genotyping of HLA region. LW assisted in data transmission and analysis. All authors have reviewed and approved the manuscript.  Funding This work was supported by grants from the National Natural Science Foundation of China (82171665, 31370897), the Natural Science Foundation of Shandong Province (ZR2020MH168) and the Key Technology Research and Development Program of Shandong Province (2018GSF118113).  Conflict of Interest TL was employed by the company Annoroad Gene Technology. The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.  Publisher’s Note All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.   Acknowledgments We would like to thank the participants who provided their peripheral blood sample to participate in this study. We appreciate Annoroad Gene Technology (beijing) Co., Ltd., for sequencing technical assistance.  Supplementary Material The Supplementary Material for this article can be found online at:  https://www.frontiersin.org/articles/10.3389/fimmu.2022.837336/full#supplementary-material  Supplementary Figure 1  Quality control of RNA-seq.  (A) The heatmap of Pearson correlation matrix of genome-wide FPKMs values within samples.  (B) The distance and hierarchical clustering of the four samples.  (C) The volcanos plot of difference analysis between SLE group and CTR group, under the cut off value of |log2FC|>1.5 and padj < 0.05, there were 74 genes significant upregulated and 124 genes downregulated in SLE group.  (D) The heatmap of expression (performed z-scale by each gene) of significant genes of C (74 up and 124 down).  (E) The validation RNA-seq by qRT-PCR in the identical samples. We selected six genes (ACTB, GAPDH, FCGR3A, STAT3, FLT3 and CXCL8) and the left heatmap indicated their expression value (FPKM) in RNA-seq. The right heatmap shown their quantitative results(2 -deltaCt) by qRT-PCR compared to the inner reference of GAPDH.  Supplementary Figure 2  Quality control of ATAC-seq.  (A) The genome wide normalized peaks distribution of the four samples.  (B) The heatmap of Pearson correlation matrix (upper) or Spearman correlation matrix (lower) of the four samples.  (C) The normalized reads density distribution in gene profile of the four samples.  Supplementary Figure 3  Quality control of ChIP-seq.  (A) The gene body normalized reads (RPKM) density plot of the nine ChIP-seq sample.  (B) The heatmap of correlation matrix of normalized reads within the nine samples.  (C) The gene body normalized reads (RPKM) heatmap of the nine ChIP-seq samples.  Supplementary Figure 4  The trans-interactions map of THP1 cell and primary monocyte.  (A) Heatmap of all cis and trans interactions in genome wide.  (B) The average intensity of interactions within or inter chromosomes.  (C) The detailed interactions in chr9 to chr11 indicated rearrangement (blue box) between 9p and 11q in THP1-1 and THP1-2.  (D) The circos plot of all significant trans interactions in genome wide.  Supplementary Figure 5  The relative contact probability (RCP) in all chromosomes. The full landscape of.  Supplementary Figure 6  Genome-wide all by all Hi-C interaction minus. From Delta Hi-C, it was nearly no difference in SLE group and CTR group in a comparative large scale (1M resolution).  Supplementary Figure 7  A/B compartment correlation and switch rate stat. A/B compartment between SLE group and CTR group were similar and had low switch Rate.  Supplementary Figure 8  The MD plot of comparison in all chromosomes. The full landscape of (upper panel).  Supplementary Figure 9  The difference matrix between primary monocytes and THP1 in all chromosomes. The full landscape of (lower panel).  Supplementary Figure 10  The correlation matrix between the six samples in all chromosomes. The full landscape of.  Supplementary Figure 11  The genotyping in HLA region.  Supplementary Figure 12  The evidence of enhancer regulation of FCGR3A. The loops of the six samples were the same as and the lower panel indicated the annotation of enhancer from GeneHancer database.    Supplementary Data Sheet 1  Full results of RNA-seq.  Supplementary Data Sheet 2  Full results of ATAC-seq.  Supplementary Data Sheet 3  Full results of ChIP-seq.  References  1    Bonev  B  Cavalli  G.  Organization and Function of the 3D Genome.  Nat Rev Genet ( 2016)  17: 661–78. doi:  10.1038/nrg.2016.112  2    Ray  J  Munn  PR  Vihervaara  A  Lewis  JJ  Ozer  A  Danko  CG .  Chromatin Conformation Remains Stable Upon Extensive Transcriptional Changes Driven by Heat Shock.  Proc Natl Acad Sci ( 2019)  116: 19431–9. doi:  10.1073/pnas.1901244116  3    Beagrie  RA  Scialdone  A  Schueler  M  Kraemer  DCA  Chotalia  M  Xie  SQ .  Complex Multi-Enhancer Contacts Captured by Genome Architecture Mapping.  Nature ( 2017)  543: 519–24. doi:  10.1038/nature21411  4    Zheng  H  Xie  W.  The Role of 3D Genome Organization in Development and Cell Differentiation.  Nat Rev Mol Cell Biol ( 2019)  20: 535–50. doi:  10.1038/s41580-019-0132-4  5    de Wit  E  de Laat  W.  A Decade of 3C Technologies: Insights Into Nuclear Organization.  Genes Dev ( 2012)  26: 11– 24. doi:  10.1101/gad.179804.111  6    Fullwood  MJ  Liu  MH  Pan  YF  Liu  J  Xu  H  Mohamed  YB .  An Oestrogen-Receptor-α-Bound Human Chromatin Interactome.  Nature ( 2009)  462: 58– 64. doi:  10.1038/nature08497  7    Nora  EP  Goloborodko  A  Valton  A-L  Gibcus  JH  Uebersohn  A  Abdennur  N .  Targeted Degradation of CTCF Decouples Local Insulation of Chromosome Domains From Genomic Compartmentalization.  Cell ( 2017)  169: 930– 944.e22. doi:  10.1016/j.cell.2017.05.004  8    Rao  SS  Huntley  MH  Durand  NC  Stamenova  EK  Bochkov  ID  Robinson  JT .  A 3D Map of the Human Genome at Kilobase Resolution Reveals Principles of Chromatin Looping.  Cell ( 2014)  159: 1665–80. doi:  10.1016/j.cell.2014.11.021  9    Lupianez  DG  Kraft  K  Heinrich  V  Krawitz  P  Brancati  F  Klopocki  E .  Disruptions of Topological Chromatin Domains Cause Pathogenic Rewiring of Gene-Enhancer Interactions.  Cell ( 2015)  161: 1012–25. doi:  10.1016/j.cell.2015.04.004  10    Flavahan  WA  Drier  Y  Liau  BB  Gillespie  SM  Venteicher  AS  Stemmer-Rachamimov  AO .  Insulator Dysfunction and Oncogene Activation in IDH Mutant Gliomas.  Nature ( 2015)  529: 110–4. doi:  10.1038/nature16490  11    Spielmann  M  Lupiáñez  DG  Mundlos  S.  Structural Variation in the 3D Genome.  Nat Rev Genet ( 2018)  19: 453–67. doi:  10.1038/s41576-018-0007-0  12    Lagou  V  Garcia-Perez  JE  Smets  I  Van Horebeek  L  Vandebergh  M  Chen  L .  Genetic Architecture of Adaptive Immune System Identifies Key Immune Regulators.  Cell Rep ( 2018)  25: 798– 810.e6. doi:  10.1016/j.celrep.2018.09.048  13    Johanson  TM  Chan  WF  Keenan  CR  Allan  RS.  Genome Organization in Immune Cells: Unique Challenges.  Nat Rev Immunol ( 2019)  19: 448–56. doi:  10.1038/s41577-019-0155-2  14    Javierre  BM  Burren  OS  Wilder  SP  Kreuzhuber  R  Hill  SM  Sewitz  S .  Lineage-Specific Genome Architecture Links Enhancers and Non-Coding Disease Variants to Target Gene Promoters.  Cell ( 2016)  167: 1369– 84.e19. doi:  10.1016/j.cell.2016.09.037  15    Bunting  KL  Soong  TD  Singh  R  Jiang  Y  Beguelin  W  Poloway  DW .  Multi-Tiered Reorganization of the Genome During B Cell Affinity Maturation Anchored by a Germinal Center-Specific Locus Control Region.  Immunity ( 2016)  45: 497– 512. doi:  10.1016/j.immuni.2016.08.012  16    Robson  MI  de Las Heras  JI  Czapiewski  R  Sivakumar  A  Kerr  ARW  Schirmer  EC.  Constrained Release of Lamina-Associated Enhancers and Genes From the Nuclear Envelope During T-Cell Activation Facilitates Their Association in Chromosome Compartments.  Genome Res ( 2017)  27: 1126–38. doi:  10.1101/gr.212308.116  17    Henning  AN  Roychoudhuri  R  Restifo  NP.  Epigenetic Control of CD8+ T Cell Differentiation.  Nat Rev Immunol ( 2018)  18: 340–56. doi:  10.1038/nri.2017.146  18    Phanstiel  DH  Van Bortle  K  Spacek  D  Hess  GT  Shamim  MS  Machol  I .  Static and Dynamic DNA Loops Form AP-1-Bound Activation Hubs During Macrophage Development.  Mol Cell ( 2017)  67: 1037– 48.e6. doi:  10.1016/j.molcel.2017.08.006  19    Rege  M  Phillips-Cremins  JE.  Dynamic Looping Interactions: Setting the 3D Stage for the Macrophage.  Mol Cell ( 2017)  67: 901–3. doi:  10.1016/j.molcel.2017.09.011  20    Simeonov  DR  Gowen  BG  Boontanrart  M  Roth  TL  Gagnon  JD  Mumbach  MR .  Discovery of Stimulation-Responsive Immune Enhancers With CRISPR Activation.  Nature ( 2017)  549: 111–5. doi:  10.1038/nature23875  21    Gutierrez-Arcelus  M  Rich  SS  Raychaudhuri  S.  Autoimmune Diseases — Connecting Risk Alleles With Molecular Traits of the Immune System.  Nat Rev Genet ( 2016)  17: 160–74. doi:  10.1038/nrg.2015.33  22    McGovern  A  Schoenfelder  S  Martin  P  Massey  J  Duffus  K  Plant  D .  Capture Hi-C Identifies a Novel Causal Gene, IL20RA, in the Pan-Autoimmune Genetic Susceptibility Region 6q23.  Genome Biol ( 2016)  17: 212. doi:  10.1186/s13059-016-1078-x  23    Banchereau  R  Hong  S  Cantarel  B  Baldwin  N  Baisch  J  Edens  M .  Personalized Immunomonitoring Uncovers Molecular Networks That Stratify Lupus Patients.  Cell ( 2016)  165: 551–65. doi:  10.1016/j.cell.2016.03.008  24    Hartman  EAR  van Royen-Kerkhof  A  Jacobs  JWG  Welsing  PMJ  Fritsch-Stork  RDE.  Performance of the 2012 Systemic Lupus International Collaborating Clinics Classification Criteria Versus the 1997 American College of Rheumatology Classification Criteria in Adult and Juvenile Systemic Lupus Erythematosus. A Systematic Review and Meta-Analysis.  Autoimmun Rev ( 2018)  17: 316–22. doi:  10.1016/j.autrev.2018.01.007  25    Schmitt  AD  Hu  M  Ren  B.  Genome-Wide Mapping and Analysis of Chromosome Architecture.  Nat Rev Mol Cell Biol ( 2016)  17: 743–55. doi:  10.1038/nrm.2016.104  26    Naumova  N  Imakaev  M  Fudenberg  G  Zhan  Y  Lajoie  BR  Mirny  LA .  Organization of the Mitotic Chromosome.  Science ( 2013)  342: 948–53. doi:  10.1126/science.1236083  27    Zhou  X  Lowdon  RF  Li  D  Lawson  HA  Madden  PAF  Costello  JF .  Exploring Long-Range Genome Interactions Using the WashU Epigenome Browser.  Nat Methods ( 2013)  10: 375–6. doi:  10.1038/nmeth.2440  28    Dixon  JR  Selvaraj  S  Yue  F  Kim  A  Li  Y  Shen  Y .  Topological Domains in Mammalian Genomes Identified by Analysis of Chromatin Interactions.  Nature ( 2012)  485: 376–80. doi:  10.1038/nature11082  29    Oluwadare  O  Cheng  J.  ClusterTAD: An Unsupervised Machine Learning Approach to Detecting Topologically Associated Domains of Chromosomes From Hi-C Data.  BMC Bioinf ( 2017)  18: 480. doi:  10.1186/s12859-017-1931-2  30    Horton  R  Wilming  L  Rand  V  Lovering  RC  Bruford  EA  Khodiyar  VK .  Gene Map of the Extended Human MHC.  Nat Rev Genet ( 2004)  5: 889–99. doi:  10.1038/nrg1489  31    Mifsud  B  Tavares-Cadete  F  Young  AN  Sugar  R  Schoenfelder  S  Ferreira  L .  Mapping Long-Range Promoter Contacts in Human Cells With High-Resolution Capture Hi-C.  Nat Genet ( 2015)  47: 598– 606. doi:  10.1038/ng.3286  32    Chanput  W  Mes  JJ  Wichers  HJ.  THP-1 Cell Line: An  In Vitro Cell Model for Immune Modulation Approach.  Int Immunopharmacol ( 2014)  23: 37– 45. doi:  10.1016/j.intimp.2014.08.002  33    Gutierrez-Arcelus  M  Baglaenko  Y  Arora  J  Hannes  S  Luo  Y  Amariuta  T .  Allele-Specific Expression Changes Dynamically During T Cell Activation in HLA and Other Autoimmune Loci.  Nat Genet ( 2020)  52: 247–53. doi:  10.1038/s41588-020-0579-4  34    Pelikan  RC  Kelly  JA  Fu  Y  Lareau  CA  Tessneer  KL  Wiley  GB .  Enhancer Histone-QTLs Are Enriched on Autoimmune Risk Haplotypes and Influence Gene Expression Within Chromatin Networks.  Nat Commun ( 2018)  9: 2905. doi:  10.1038/s41467-018-05328-9  35    Majumder  P  Lee  JT  Rahmberg  AR  Kumar  G  Mi  T  Scharer  CD .  A Super Enhancer Controls Expression and Chromatin Architecture Within the MHC Class II Locus.  J Exp Med ( 2020)  217( 2): e20190668. doi:  10.1084/jem.20190668  36    Langefeld  CD  Ainsworth  HC  Graham  DSC  Kelly  JA  Comeau  ME  Marion  MC .  Transancestral Mapping and Genetic Load in Systemic Lupus Erythematosus.  Nat Commun ( 2017)  8: 16021. doi:  10.1038/ncomms16021  37    Molineros  JE  Looger  LL  Kim  K  Okada  Y  Terao  C  Sun  C .  Amino Acid Signatures of HLA Class-I and II Molecules Are Strongly Associated With SLE Susceptibility and Autoantibody Production in Eastern Asians.  PloS Genet ( 2019)  15: e1008092. doi:  10.1371/journal.pgen.1008092  38    Sun  C  Molineros  JE  Looger  LL  X-j  Z  Kim  K  Okada  Y .  High-Density Genotyping of Immune-Related Loci Identifies New SLE Risk Variants in Individuals With Asian Ancestry.  Nat Genet ( 2016)  48: 323–30. doi:  10.1038/ng.3496  39    Graham  RR  Ortmann  W  Rodine  P  Espe  K  Langefeld  C  Lange  E .  Specific Combinations of HLA-DR2 and DR3 Class II Haplotypes Contribute Graded Risk for Disease Susceptibility and Autoantibodies in Human SLE.  Eur J Hum Genet ( 2007)  15: 823–30. doi:  10.1038/sj.ejhg.5201827  40    Kim  K  Bang  SY  Lee  HS  Okada  Y  Han  B  Saw  WY .  The HLA-DRbeta1 Amino Acid Positions 11-13-26 Explain the Majority of SLE-MHC Associations.  Nat Commun ( 2014)  5: 5902. doi:  10.1038/ncomms6902  41    Ziegler-Heitbrock  L  Ancuta  P  Crowe  S  Dalod  M  Grau  V  Hart  DN .  Nomenclature of Monocytes and Dendritic Cells in Blood.  Blood ( 2010)  116: e74–80. doi:  10.1182/blood-2010-02-258558  42    Stansfield  BK  Ingram  DA.  Clinical Significance of Monocyte Heterogeneity.  Clin Transl Med ( 2015)  4: 5. doi:  10.1186/s40169-014-0040-3  43    Wong  KL  Yeap  WH  Tai  JJ  Ong  SM  Dang  TM  Wong  SC.  The Three Human Monocyte Subsets: Implications for Health and Disease.  Immunol Res ( 2012)  53: 41– 57. doi:  10.1007/s12026-012-8297-3  44    Wu  Z  Zhang  S  Zhao  L  Fei  Y  Wang  L  Li  J .  Upregulation of CD16- Monocyte Subsets in Systemic Lupus Erythematous Patients.  Clin Rheumatol ( 2017)  36: 2281–7. doi:  10.1007/s10067-017-3787-2  45    Ye  D  Pan  F  Zhang  K  Li  X  Xu  J  Hao  J.  A Novel Single-Nucleotide Polymorphism of the Fcgamma Receptor IIIa Gene Is Associated With Genetic Susceptibility to Systemic Lupus Erythematosus in Chinese Populations: A Family-Based Association Study.  Clin Exp Dermatol ( 2006)  31: 553–7. doi:  10.1111/j.1365-2230.2006.02133.x  46    Zhu  XW  Wang  Y  Wei  YH  Zhao  PP  Wang  XB  Rong  JJ .  Comprehensive Assessment of the Association Between FCGRs Polymorphisms and the Risk of Systemic Lupus Erythematosus: Evidence From a Meta-Analysis.  Sci Rep ( 2016)  6: 31617. doi:  10.1038/srep31617  47    Victor  AR  Weigel  C  Scoville  SD  Chan  WK  Chatman  K  Nemer  MM .  Epigenetic and Posttranscriptional Regulation of CD16 Expression During Human NK Cell Development.  J Immunol ( 2018)  200: 565–72. doi:  10.4049/jimmunol.1701128  48    Oboshi  W  Watanabe  T  Yukimasa  N  Ueno  I  Aki  K  Tada  T .  SNPs Rs4656317 and Rs12071048 Located Within an Enhancer in FCGR3A Are in Strong Linkage Disequilibrium With Rs396991 and Influence NK Cell-Mediated ADCC by Transcriptional Regulation.  Hum Immunol ( 2016)  77: 997– 1003. doi:  10.1016/j.humimm.2016.06.012
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Although the variation in chromatin architecture during adaptive immune responses has
been thoroughly investigated, the 3D landscape of innate immunity is still unknown.
Herein, chromatin regulation and heterogeneity among human primary monocytes were
investigated. Peripheral blood was collected from two healthy persons and two patients
with systemic lupus erythematosus (SLE), and CD14* monocytes were selected to
perform Hi-C, RNA-seq, ATAC-seq and ChiIP-seq analyses. Raw data from the THP1
cell line Hi-C library were used for comparison. For each sample, we constructed three Hi-
C libraries and obtained approximately 3 billion paired-end reads in total. Resolution
analysis showed that more than 80% of bins presented depths greater than 1000 at a 5 kb
resolution. The constructed high-resolution chromatin interaction maps presented similar
landscapes in the four individuals, which showed significant divergence from the THP1 cell
line chromatin structure. The variability in chromatin interactions around HLA-D genes in
the HLA complex region was notable within individuals. We further found that the CD16-
encoding gene (FCGR3A) is located at a variable topologically associating domain (TAD)
boundary and that chromatin loop dynamics might modulate CD16 expression. Our
results indicate both the stability and variability of high-resolution chromatin interaction
maps among human primary monocytes. This work sheds light on the potential
mechanisms by which the complex interplay of epigenetics and spatial 3D architecture
regulates chromatin in innate immunity.

Keywords: 3D chromatin maps, primary monocytes, Hi-C, HLA, CD16

INTRODUCTION

Chromatin is hierarchically packaged into the nucleus of higher eukaryotes to organize the three-
dimensional (3D) genome structure (1), which is responsible for precise transcriptional regulation
by facilitating or restricting regulatory element interactions (2). Over the last decade, the 3D genome
architecture associated with cell fate and function under both physiological and pathological
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conditions has garnered much attention and has been intensively
investigated through advanced techniques (3, 4). Chromosome
conformation capture (3C) technologies, from 3C, 4C, 5C to
chromatin interaction analysis with paired-end tag sequencing
(ChIA-PET) and Hi-C, have become increasingly appreciated for
their ability to facilitate the comprehensive identification of
genome-wide contact frequencies (5, 6), which can reveal
chromatin organization features, including A/B compartments,
TADs and loops (7, 8). Evidence demonstrating the role of the
3D genome organization in governing long-range regulatory
interactions is now available (9, 10), and such work provides a
new blueprint for investigating the influence of spatiotemporal
changes in 3D architecture during normal evolution and disease
occurrence (11).

Chromatin interactions play a fundamental role in
establishing and maintaining the functions of immune cells
during development, differentiation and activation in
autoimmune diseases (12, 13). An analysis of genome
organization performed in 17 human primary hematopoietic
cell samples by promoter capture Hi-C (PCHi-C) indicated that
the promoter interactomes are highly cell-type specific (14).
Much evidence has validated the concept that transient
changes in the genomic architecture in human B cells and
CD4"/CD8" T cells require the recruitment of specific lineage-
defining transcription factors, chromatin remodelers, and
histone modifiers to modulate gene transcription and mediate
B and T cell lineage commitment (15-17). While a series of
studies on chromatin 3D organization have focused on adaptive
immune responses, little is known about its role in innate
immunity. The issue associated with 3D structure in innate
immune cells that has been investigated is long-range looping
interactions during differentiation from monocyte precursors
(THP1 cell line) to mature macrophages (18, 19), which
suggested the possibility that the spatial 3D structure might
regulate innate immunologic processes. In general, almost all
of the available Hi-C maps have been displayed in cultured
immune cells. In addition, recent research combining associated
genetic variants identified from Genome-wide Association
Studies (GWASs) with 3D structures observed in different
immune cell physiological states has revealed potential
regulatory connections of these noncoding region variants
related to the pathogenesis of autoimmune diseases (20, 21);
this work has yielded pivotal insights into how autoimmunity is
triggered by susceptible polymorphisms (22).

To date, chromatin architecture variation during adaptive
immune response has been thoroughly investigated, although
few previous research on Hi-C had been performed in primary
monocytes, there still lacks a high-resolution 3D landscape in
innate immunity and analysis of individual difference. SLE, as the
examined autoimmune condition, is a highly heterogeneous
autoimmune disease characterized by the production of
numerous autoantibodies and chronic inflammation (23). SLE
can systematically and severely affect multiple organs, including
central nervous system and peripheral nervous system.
Therefore, the present study was designed to first present
high-resolution chromatin interaction maps of human

primary monocytes and then to make further efforts to
elucidate the immunological heterogeneity of the 3D genome
structure. We hope to provide insight into the functional
regulation of monocytes in innate immunity by comparing
healthy controls and SLE patients to identify significant
epigenetic profiles associated with chromatin accessibility as
well as histone modification patterns correlated with the
transcriptional profiles of human primary monocytes, as
evidenced by integrated datasets from assay for transposase-
accessible chromatin sequencing (ATAC-seq), chromatin
immunoprecipitation with sequencing (ChIP-seq), and RNA
sequencing (RNA-seq) analyses.

MATERIALS AND METHODS

Antibodies and Reagents

The antibodies and reagents used in this study were as follows:
Alexa Fluor® 488 mouse anti-human CD14 was purchased from
BD PharmingenTM (561706). 7-Amino-actinomycin D (7-AAD)
was purchased from BD PharmingenTM (559925). Protease
inhibitors were purchased from Sigma (P8340-5 ml). Biotin-
14-dCTP and Proteinase K (Fungal) were purchased from
Invitrogen (19518-018; 25530-031). DNA polymerase I, large
(Klenow) fragment, was obtained from NEB (M0210S). T4 DNA
ligase, T4 DNA polymerase and T4 DNA ligation buffer were all
purchased from NEB (M0202L; M0203L; B0202).

Study Subjects

SLE patients (n=2, SLE-1; SLE-2) were recruited from Shandong
provincial hospital affiliated to Shandong university. All patients
with SLE met the revised diagnostic criteria of the American
College of Rheumatology (1997), and other systematic or
autoimmune diseases were excluded (24). None of the patients
had been using systemic or topical medication before, and all
were characterized by high ANA and dsDNA antibody levels and
low-level clinical symptoms during sample collection. Disease
activity was measured using the SLE Disease Activity Index
scoring system. The control population (n=2, CTR-1; CTR-2)
consisted of unrelated individuals matched for ethnicity, age, and
sex. The four donors were all 25 years old. Valid informed
consent was obtained from each participant. The study design
conformed to the ethical guidelines and was approved by the
ethics committee of Shandong Provincial Hospital affiliated to
Shandong first medical university.

Preparation of Monocytes

From each donor, a 150 ml blood sample was collected, and 30
ml of fresh peripheral blood was collected at each sampling time
to keep the cells as active as possible. Ficoll-Paque (GE 17-1440-
02) density gradient centrifugation was used to separate
peripheral blood mononuclear cells (PBMCs) within 2 h. The
PBMCs were stained and incubated with an antibody cocktail (7-
AAD and Alexa Fluor® 488 mouse anti-human CD14) in
darkness at room temperature for 20 min. After incubation,
the cells were washed twice with 1% heat-inactivated fetal bovine
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serum diluted in PBS for fluorescence-activated cell sorting
(FACS). The cells were sorted by flow cytometry using a FACS
Aria IIT system (Becton Dickinson), and approximately 5 million
cells per sample were obtained and defined as CD14" monocytes.
The activity of the selected CD14" primary monocytes reached
greater than 95%.

RNA-Seq and Data Analysis

The RNA-seq of monocytes was performed via the Smart-Seq2
method. Briefly, samples were collected in tubes with lysis
components and ribonuclease inhibitors. An Oligo-dT primer
was introduced to the reverse transcription reaction for first-
strand cDNA synthesis, followed by PCR amplification to enrich
c¢DNA and a MagBeads purification step to clean up the product.
Then, the cDNA product was checked with a Qubit® 3.0
Fluorometer and Agilent 2100 Bioanalyzer to verify the
expected product with a length of approximately 1~2 kb. Next,
the cDNA was randomly sheared by ultrasonication according to
the Illumina library preparation protocol, which included DNA
fragmentation, end repair, 3’ end A-tailing, adapter ligation, PCR
amplification and library validation. After library preparation,
the PerkinElmer Lab ChIP® GX Touch system and the Step
OnePlus"™" Real-Time PCR system were used for library quality
inspection. Qualified libraries were then loaded on the Illumina
HiSeq platform for PE150 sequencing. Sequencing data were
mapped to the human reference genome (ucsc.hgl9) using
HISAT?2 v2.1.0. fragments per kilobase of transcript per million
mapped reads (FPKM) values for each gene were calculated.
RNA-seq data were shown in Supplementary Data Sheet 1 and
the quality control of RNA-seq was in Figure S1.

ATAC-Seq and Data Analysis

Approximately 50,000 living cells were used for each library
preparation. The cells were lysed in lysis buffer to obtain nuclei,
and the TruePrepTMDNA Library Prep Kit V2 for Illumina
(Vazyme Biotech) was used to construct transposase-treated
libraries. The mass concentration and molar concentration of
the libraries were determined with a Qubit 3.0 Fluorometer and
the StepOnePlus' " Real-Time PCR system, respectively, and the
lengths of the inserted fragments were determined with an
Agilent HS 2100 Bioanalyzer. Qualified libraries were
sequenced on the Illumina HiSeq platform in paired-end 150
bp mode. The data were mapped to the human reference genome
(ucsc.hgl9) with Bowtie2 (version 2.2.3), and binding sites were
identified by using MACS2 (version 2.1.1) with the following
parameters ‘-q 0.05 —-nomodel —extsize 150 —keep-dup all —call-
summits’. ATAC-seq data were shown in Supplementary Data
Sheet 2 and the quality control of ATAC-seq was in Figure S2.

ChIP-Seq and Data Analysis

Nuclear extracts from approximately one million cells and
chromatin were sheared to an average size of 200 bp with a
sonicator (Bioruptor Pico, Diagenode). Then, the samples were
immunoprecipitated with 2.5 pg of H3K27me3 (ab6002), anti-
H3K4me3 (ab39915) and anti-H3K27Ac (ab39133) pAbs
antibodies. After incubation at 4°C overnight, the antibodies

were recovered with 25 ul of Protein A/G magnetic beads
(Millipore 16-663). After reverse crosslinking, ChIP-ed DNA
was extracted with a MinElute Reaction Cleanup Kit (Qiagen
28206). Purified DNA from H3K27me3, H3K27Ac and
H3K4me3 ChIP assays was adapter ligated and PCR amplified
for sequencing on the HiSeq2000 platform using a TruSeq DNA
Library Prep Kit (Illumina). After sequencing, reads were
quality-filtered according to the Illumina pipeline. The data
were aligned to the human reference genome (ucsc.hgl9) with
Bowtie2 (version 2.2.3), and binding sites were identified with
MACS2 (version 2.1.1). ChIP-seq data were shown in
Supplementary Data Sheet 3 and the quality control of ChIP-
seq was in Figure S3.

Hi-C and Data Analyses

Hi-C Library

Approximately one million monocytes were crosslinked with 40
ml of a 1% formaldehyde solution at room temperature for 10
min, and 2.5 M glycine was added to quench the crosslinking
reaction. The crosslinked cells were resuspended in 500 pl of ice-
cold Hi-C lysis buffer and rotated at 4°C for 30 min. The nuclei
were washed with 0.5 ml of restriction enzyme buffer, and the
chromatin was solubilized with diluted SDS. After quenching the
SDS with Triton X-100, overnight digestion with cutter
restriction enzymes (400 units Mbol) was performed at 37°C.
The DNA ends were marked with biotin-14-dCTP, and blunt-
end ligation of crosslinked fragments was performed. The
proximal chromatin DNA was religated with a ligation
enzyme, and the nuclear complexes were reverse crosslinked at
65°C. The DNA was purified, and biotin-C was removed from
the nonligated fragment ends using T4 DNA polymerase. The
fragments were sheared to sizes of 100-500 base pairs by
sonication. The fragment ends were then repaired with a
mixture of T4 DNA polymerase, T4 polynucleotide kinase and
Klenow DNA polymerase. Biotin-labeled Hi-C samples were
specifically enriched using streptavidin magnetic beads. The
fragment ends were subjected to A-tailing with Klenow (exo-),
and an Illumina paired-end sequencing adapter was then added
with a ligation mixture. Finally, the Hi-C libraries were amplified
via 8-10 cycles of PCR and sequenced on an Illumina HiSeq
instrument in PE150 mode.

The raw sequence data of the THP1 cell line Hi-C library were
downloaded from ENCODE (Encyclopedia of DNA Elements
Project Consortium) from experiment ENCSR748LQF (https://
www.encodeproject.org/experiments/ENCSR748LQF/), which
included two replicates (ENCBS615XLU, assigned as THP1-1;
ENCBS913QYS, assigned as THP1-2) and analyzed via the
same pipelines.

Hi-C Data Mapping, Filtering and Generation of
Contact Matrices

FASTQ files were firstly subjected to quality control with fastp
(version 0.14) software before mapping stages. We used the
integrated pipeline of HiC-Pro (V2.7.8) to process the data from
the clean FASTQ files to obtain contact maps with default
parameters (MIN_MAPQ=10; BOWTIE2_GLOBAL_OPTIONS =
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very-sensitive; BOWTIE2_LOCAL_OPTIONS = very-sensitive;
BIN_SIZE = 20000, 40000, 150000, 500000, 1000000), which
mainly included two-step mapping using Bowtie2 and binning to
generate a genome-wide interaction map. The resulting contact
matrices were normalized using iterative correction and eigenvector
decomposition (ICED, MAX_ITER = 100, FILTER_LOW_
COUNT_PERC = 0.02; FILTER_HIGH_COUNT_PERC = 0;
EPS = 0.1) (25).

The loops were called by using HICCUPS (8) with the default
parameters, which examines each pixel in a Hi-C contact matrix
and identifies those with enriched contact frequencies relative to
local neighborhoods.

To calculate the average contact probability (Ps), we divided
the genome into 1 M bins. For each distance (1 M, 2 M, 3 M,
etc.), we used the observed interaction frequency to calculate the
expected value via LOWESS fitting at the corresponding distance
(26). The relative contact probability (RCP) was computed for
each chromosome, and the insulation score was used to call
TADs. The above analysis was performed with GENOVA
package by functions of insulation_score and callTAD.

The multiHiCcompare packages was used for comparative
analysis. Briefly, the interaction matrix was firstly performed fast
loess normalization (fastlo function) and performed exact test-
based difference detection among groups (hic exactTest function).
The composite MD plot were plotted by MD_composite function.

The visualization of chromatin interactions were preformed with
the help of washU Epigenome Browser (27) and hicrep package.

Resolution Analysis

For Hi-C resolution calculation, the whole genome was divided
into bins of the same size (1 M, 500 k, 200 k, 100 k, 40 k, 20 k, 10
k, 5k, or 1 k), and valid pairs were then used to determine the
coverage of every bin. We sorted the bins in descending order
according to the coverage depth of the 75™, 80, and 90™ bins.
At a specific resolution, when the minimum depth of the 80™ bin
reached 1000, we considered the sequencing depth to have
reached the same resolution, which was then used as the
highest resolution. The results showed that the resolution
reached 5 kb and could be used for loop analysis.

Genotyping of the Human Leukocyte
Antigen (HLA) Region

About 200 ng sample of genomic DNA from each individual was
sheared with a Biorupter (Diagenode, Belgium) to acquire
150~200 bp fragments. The ends of the DNA fragments were
repaired, and an Illumina adapter was added (Fast Library Prep
Kit, iGeneTech, Beijing, China). After constructing the
sequencing library, the target regions were captured with an
AI-HLA-Cap Enrichment Kit (iGeneTech, Beijing, China) and
sequenced on an Illumina platform (Illumina, San Diego, CA)
with 150 base pair paired-end reads. Raw reads were filtered to
remove low-quality reads by using FastQC, and the clean reads
were then mapped to the reference sequences in the HLA
dictionary and typed to generate HLA types for HLA-A, HLA-
B, HLA-C, HLA-DPB1, HLA-DQBI1, and HLA-DRBI by using
HLA-HD Software.

Statistics

The Mann-Whitney test (unpaired) or the Wilcoxon matched-
pair signed-rank test (paired) was performed to analyze the data.
For multiple comparisons, analyses were performed using the
Kruskal-Wallis test followed by Tukey’s test (unpaired) or
Friedman’s test followed by Dunn’s test (paired). All analyses
were performed with R 4.0. Statistical significance was reported
as follows: *P < 0.05, **P < 0.01, **P < 0.001.

RESULTS

High-resolution Chromatin Interaction
Maps of Monocyte Samples

The CD14" primary monocytes from the peripheral blood of two
SLE patients and two healthy donors were isolated and
crosslinked to obtain high-resolution chromatin interaction
maps. To determine whether the whole-genome chromatin
conformation differed between the two groups, we constructed
three Mbol-digested Hi-C libraries for each sample. We
combined the data from the replicates to obtain more than 1.2
billion valid reads in approximately 3 billion paired-end reads for
the subsequent analysis. The valid rates for CTR-1, CTR-2, SLE-1
and SLE-2 were 67.02%, 63.33%, 70.39% and 68.35%,
respectively (valid rate above 60%, Table S1).

Given the absence of high-resolution chromatin interaction
maps of primary monocytes before, we used the Hi-C map of the
human monocyte cell line THP1 as the reference for comparison.
The data of THP1 were downloaded from the ENCODE database
and processed consistently under the same pipeline as the four
primary samples for the uniform standards for comparison. Due
to the THP1 cell line was established from leukaemia patient, we
especially checked the status of chromosomal rearrangement. In
the genome wide cis and trans interactions (Figure S4), we could
see that the normalized mean interactions within chromatin (cis)
were always stronger than the interactions between chromatins,
thus there was no large chromosomal rearrangement. However,
the strengthened trans-interaction between the left end of 9p
and right end of 11q (Figures $4C, 4D) suggested a proportion
of chromosome rearrangement, and it might influence
corresponding local chromatin structure.

The general characteristics of the high-resolution chromatin
interaction maps from the four primary monocyte samples and
two repeats of the THP1 cell line are summarized in Figure 1.
The resolution analysis showed that the results for the four
primary individual samples reached more than 80% of bins at a
depth greater than 1000 at a 5 kb resolution, which were similar
with THP1 data (Figure 1A). These results indicated that our
data were of high quality in both breadth and depth.

High-Quality Chromatin Interaction
Patterns of Monocyte Samples

We thoroughly explored the chromatin interaction patterns of
the six monocyte samples at different levels. The relative contact
probability (RCP) was computed to estimate the distance-
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dependent contact frequencies in chromosome level. The RCPs
maps indicated the interaction frequency decayed with
increasing distance in the six monocyte samples, while the
curves for the four primary monocyte samples were largely in
accord and differed slightly from those for the two THP1 repeats.
Chromosome 1 and chromosome 2 are shown in Figure 1B,
maps for other chromosomes are shown in Figure S5.

Subsequently, we extracted the contact matrix of the six
samples for further analysis and the genome compartment
classification analysis was performed to category the A/B
compartments (Figure 2). The normalized chromatin
interactions of 100 kb resolution on chromosome 1 are shown
in Figure 2A, whose upper and lower triangles represent
different samples. The delta Hi-C matrix calculated by
subtracting the genome-wide Hi-C interaction were shown in
Figure S6. The circle diagram shown in Figure 2B displays the
genome-wide A/B compartment distribution observed in the
four samples. The TADs are defined as genomic clusters of
chromatin interaction that act as both structural and functional
units (28). We identified TADs using the clustering-based Hi-C
domain finder (CHDF) method (29). Figure 2C describes the
TADs on chromosome 1 in the four primary monocyte samples
with the Hi-C interactive heat map.

~ CTRA CTR-2

FIGURE 1 | Chromatin interaction map of monocyte. The summary of high-resolution chromatin interaction maps of monocyte, including four primary monocyte
samples of SLE-1, SLE-2, CTR-1, CTR-2 and two repeats of THP1. (A) Resolution analysis of the Hi-C data from six samples, the horizontal axis indicates the bin
size of resolution, the vertical axis indicates the depth of reads. (B) The relative contact probability (RCP) in chromosome 1 and chromosome 2. (C) The heatmap of
genome-wide chromatin interaction in 1Mb bin, the colors present logarithmic transformed normalized interaction value, Both the cis- (within chromosome) and

The above results roughly shown hierarchical chromatin
conformations and interaction patterns revealed by Hi-C maps
in the four primary monocyte samples.

Compartments and TADs Show No
Significant Difference Among the Four
Primary Monocyte Samples

To determine whether the chromatin conformations differed between
primary cells and THP1 cell line or between the healthy and patient
groups, we performed comparative analysis in different levels.

The correlation analysis of genome-wide A/B compartment
exhibited high similarity among the four primary monocyte
samples (Figure S7) with only a few regions presenting
compartment switching between SLE patients and health
individuals. The involved genes (353 genes) around switching
regions and the KEGG enrichment analysis were presented in
Table S2. In consist with the conservatism in genome
compartmentalization, the interaction pattern shown in the
heatmap of matrix also present high similarity among the four
primary monocyte samples (Figure 1C). Subsequently, we
extracted the contact matrix of the six samples for further
analysis. Figure 1C shows the heat map of the genome-wide
chromatin interactions in the 1 Mb bin, and both the cis (within-
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FIGURE 2 | Landscapes of primary monocytes. The different levels of Hi-C maps of four primary monocyte samples (SLE-1, SLE-2, CTR-1 and CTR-2).

(A) Heatmaps of normalized chromatin interactions (100 kb bin) in chromosome 1. The upper and lower triangles represented different samples, and to be specific,
the first heatmap represents SLE-1 (upper) and SLE-2 (lower), and the second heatmap represents CTR-1 (upper) and CTR-2 (lower). (B) The genome-wide A/B
compartment distribution of the four samples. (C) The insulation scores and TAD boundaries in chromosome 1 among the four samples.

chromosome) and trans (between-chromosome) interactions are
represented with logarithmic transformed normalized
interaction values. The interaction pattern was distributed
along the diagonal in the matrix maps, and the cis/trans ratio
of our data was normal. In addition, we observed a similar
organization pattern along the heatmap diagonal for the healthy
and patient samples, and the contact frequency between each
chromosome appeared unchanged according to the Hi-C data
for the four primary monocyte samples.

Overall, the four peripheral blood monocyte samples from
different individuals showed roughly similar landscapes of
chromatin interaction frequencies (Figures 1B, C), interaction
matrices (Figure 2A), A/B compartments (Figure 2B) and TAD
boundaries (Figure 2C). The differences between two of the
individuals in some genome regions were found to be relatively
significant when the SLE-1 sample was compared to the CTR-2
sample (discussed later), but few consistent changes could be
found between the SLE patients and healthy people. Our results
indicated that the primary monocyte samples displayed a highly
conserved structural pattern in terms of genome organization.

To more rigorously assess the homogeneity and divergence
among individuals, we employed several comparative methods for
Hi-C maps. The package of multiHiCcompare provided integrated
algorithms to normalize and assess differences between Hi-C datasets,
which could well remove biases across multiple datasets and detect
decay of chromatin interaction frequencies. In the multiple-dataset
comparative analysis, the primary samples differed significantly from
the THP1 cells in the interaction matrix at a 100-kb resolution
(chromosome 1 and chromosome 6 in Figure 3A, other
chromosomes in Figures S8 and S9, while the differences between
SLE and control groups were mostly not significant.

The HiCRep package provided a stratum-adjusted correlation
coefficient to assess the reproducibility of Hi-C data, and we used
this method to do correlation analysis among the six samples
(Figure 3B shows the correlation matrix among the six samples,
and the results for chromosomes 1 to 6 are presented, other
chromosome data are shown in Figure S10). According to the
pairwise correlation coefficients, the similarly was greater than 0.97
within the THP1 repeats or within primary sample groups, but was
greatly dropped between primary cells and THP1 repeats.
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stratum-adjusted correlation coefficients (SCC) are calculated using hicrep package. The results of chromosome 1-6 are presented. (C) The aggregate peak analysis
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The aggregate peak analysis (APA) was designed to collect
loop calls from Hi-C data and detect enriched pattern of loops.
To access the difference of loops in genome wide, we chose the
TAD boundary of the CTR-2 (the TAD boundary of CTR-2
exhibited the strongest effect among the four primary cells)
sample as a reference to calculate the interaction enrichment of
each sample. The results (Figure 3C) were represented as the
difference compared to CTR-2 (minus the value of CTR-2). We
found that the loop interaction was slightly decreased in the SLE-
1 sample (blue) but significantly increased in the THP1 repeats
(red), while the other samples showed little difference.

Collectively, all of these analyses indicated stability of
chromatin interactions within individual samples and
significant divergence between the THP1 cell line and primary
monocytes at chromatin higher structure.

Notable Variability of Chromatin
Interactions Around the HLA Complex
Region Within Individuals

Although we observed high conservation of the main structural
features among the primary monocytes, the HLA complex region
on chromosome 6 (6p21.3) presented notable variability in

genome-wide cis-chromatin interactions (Figure 4A), which
consists of genes belonging to MHC class I (classical genes:
HLA-A, HLA-B and HLA-C; nonclassical genes: HLA-E, HLA-F
and HLA-G), MHC class II (classical genes: HLA-DP, HLA-DQ
and HLA-DR; nonclassical HLA genes: HLA-DM and HLA-DO)
and MHC class III (complement and cytokine genes) (30).
Figure 4B shows the insulation scores (lower) of the six
samples around the HLA complex region (chr6: 29 Mb-35 Mb,
hg19) and their differences between primary cells and the THP1
cell line (upper).

From the interactive matrix heat map, we deduced that in the
p21.33 region, where HLA-C is located, THP1 cells presented
fewer interactions than the primary samples, while THP1
presented more interactions at p21.32. Among primary
monocytes, the variability was most significant around the
HLA-D gene region of p21.32. Consistent with Figure 4A, in
the p21.32 region, the SLE-1 sample showed the strongest
chromatin interaction, and sample CTR-2 showed a relatively
weak interaction. To show the differences between the samples,
Figure 4C provides the heat maps of the pairwise difference
matrix, where red represents enhancement, blue represents
weakening, and the intensity of the color indicates the degree
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FIGURE 4 | The polymorphism around HLA complex region. (A) The HLA complex region in chromosome 6 (upper) and the chromatin interactions of six samples
around this region. (B) The value of insulation score of six samples (lower) and their difference to THP1-1 around HLA complex region (chr6: 29Mb-35Mb, hg19).
(C) The heatmaps of pair-wised difference matrix.

of the difference between samples. As shown by these
comparison results, the four primary monocyte samples and
the two THP1 cell line repeats showed large differences in certain
regions of the polypeptides encoded by the HLA complex genes.
Among the four primary cell lines, the difference between SLE-1
and CTR-2 was largest in this region, which was consistent with
the results presented in Figures 4A, B.

Potential Effects of Chromatin Interactions
in the HLA Region

To investigate how chromatin organization influences the
transcription and epigenetics of primary monocytes, in
addition to Hi-C library preparation, the remaining collected
monocytes of the four individuals were subjected to RNA-seq
and ATAC-seq. Furthermore, three of the samples (SLE-1, SLE-
2, CTR-2) underwent ChIP-seq analyses of H3K4me3, H3K27ac
and H3K27me3.

The RNA-seq, ATAC-seq and ChIP-seq results for HLA
complex genes were presented in Figure 5. We found that the
expression of HLA-DRB was higher in the SLE samples than in
the CTR samples through RNA-seq; however, ATAC-seq and
ChIP-seq did not provide consistent results, possibly because of
the limited sample size and the high clinical heterogeneity and
low quality of the samples. According to the RNA-seq results,
HLA-DRB was strongly expressed in SLE-1 and weakly
expressed in CTR-2, which was consistent with the chromatin
interactions around this region, as shown in Figure 4B. The
genotyping of the HLA regions (HLA-A, HLA-B, HLA-C, HLA-
DPB1, HLA-DRB1 and HLA-DQBI1) in the four primary
samples was also performed (Figure S11), and all of these loci
were heterozygous except for HLA-DRB1*15:01:01 and HLA-

DQB1*06:02:01 in SLE-1. This result indicated that the high
polymorphism of the DNA sequence might influence the 3D
genome structure and then affect the regulation of associated
gene expression patterns.

Dynamic Chromatin Loops Might Regulate
CD16 Expression
We next explored the 3D genome around the FCGR3A (Fc
gamma receptor III A, also known as CD16), which is a
dominant functional regulator in primary monocytes. The
CD16 positive monocytes played pivotal immune surveillance
functions in central nervous system and the upregulated
FCGR3A is also related to the activation of microglial
phagocytic capacity in neuroinflammation. A summary of the
characteristics of this region is provided in Figure 6, including
the insulation score values (Figure 6A) and the presence of loops
(Figure 6B) and chromatin interactions (Figure 6C) in the six
samples around the CD16-encoding gene as well as the results of
RNA-seq, ATAC-seq and ChIP-seq analyses of H3K27me3,
H3K27ac and H3K4me4 around this region (Figure 6D).
There were many SLE susceptibility-related SNPs in the
region, among which we used rs403016 as a landmark, which
is located in the coding region of the FCGR3A gene and has been
reported to be associated with an increased risk of developing
SLE. In our primary monocyte 3D structure maps, this SNP was
shown to be located near a TAD boundary on chromosome 1q23
(Figure 6A). The low insulation score of the rs403016 region
indicated that this region contained a TAD boundary.
Considering that this value varied among the primary samples,
we inferred that TAD boundary sliding may have occurred.
Despite the conservation of the separation of chromatin
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FIGURE 5 | The results of RNA-seq, ATAC-seq and ChIP-seq of
H3K27me3, H3K27ac and H3K4me4 around HLA complex region.

interactions in this region on a large scale in both the cell lines
and primary samples (Figure 6A), the contact maps varied near
this region (Figure 6C), which was more meaningful.

In the FCGR3A promoter region (around rs403016), the loop
distribution in the SLE-2 sample was similar to that in the THP1
cell line, while it differed considerably from those in the other three
primary samples. In particular, the SLE-2 sample presented an
increased interaction loop around the FCGR3A promoter, while the
SLE-1 sample did not show this loop (Figures 6B, C). According to
GeneHancer database, an enhancers (chrl:161,590,591-
161,600,917) of FCGR3A had been identified by eQTLs,
eRNA_co-expression assay (Figure S12). This enhancer
overlapped the right side of varied loop (left side: 161.52M-
161.53M, right side: 161.60M-161.61M), which bridged the
enhancer to the promoter region of FCGR3A. Accordingly, the
expression of FCGR3A was highest in the SLE-2 sample and lowest
in SLE-1 (RNA-seq results in Figure 6D, and validated in gRT-PCR
in Figure S1E) without significant differences according to ATAC-
seq and ChIP-seq (Figure 6D), which could be attributed to the
diverse loop to the upstream enhancer.

DISCUSSION

As yet the whole-genome 3D organization of primary human
monocytes has not been thoroughly revealed. To fill this gap,
herein we present 3D genomic maps of monocytes from
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FIGURE 6 | The 3D structure around CD16 coding gene. (A) The insulation score value of six samples around CD16 coding genes. (B) The loops of six samples around this
region. (C) The chromatin interactions around this region. (D) The results of RNA-seq, ATAC-seq and ChiP-seq of H3K27me3, H3K27ac and H3K4me4 around this region.
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peripheral blood samples collected from four individuals. Our
Hi-C maps reach 5 kb resolution with high quality, which
ensures the subsequent analysis is credible.

Through careful comparative analysis, we found that the
primary monocyte samples showed roughly similar chromatin
landscapes in terms of chromatin interaction frequencies,
interaction matrices, A/B compartments and TAD boundaries,
and few consistent patterns were found between the SLE patients
and healthy controls. The primary samples displayed a highly
conserved structural pattern of genome organization despite the
different autoimmune statuses of their donors; even though two of
the samples came from SLE patients, they all consisted of normal
somatic cells with no deficiency. These negative results further
confirmed that chromatin undergoes significant changes in high-
level structures only when major structural changes, such as
balanced translocations or deletions of large regions, occur with
chromosomes. The observed conservation of advanced structures
was consistent with biological rules and reflects a stable structural
pattern of immune cells at different stages of autoimmunity.

In the present study, Hi-C data from the human monocyte cell
line THP1 were also reanalyzed as a reference. The results showed
that the 3D high-resolution maps of THP1 cells significantly
differed from those of our primary monocyte samples according
to unbiased assessment based on APA and comparative and
correlation analyses of multiple Hi-C datasets. A previous
investigation involving capture Hi-C was performed to compare
the commonalities and differences in promoter interactions
between CD34" hematopoietic progenitor cells and the human
B cell line GM 12878, and the results indicated that alternate long-
range interactions determined differential transcription programs
in different cell types (31). The engineered THP-1 cell line,
derived from the peripheral blood of an individual with acute
monocytic leukemia, is usually used as a model to study the
modulation of monocytes and macrophage functions (32). The
divergence of the 3D chromatin structure of this cell line from
that of primary monocytes is not surprising because THP1 cells
are aneuploid cells; however, these differences could reduce the
validity of THP1-based analysis. As shown in the correlation
analysis of Figure 3, we found that in most of the genome region,
the degree of variation between the 4 different individuals is
similar to that of the two biological repeats of THP1 cells. This
result also indicated that the primary monocytes are highly
conserved in 3D genome.

Our 3D chromatin maps also showed significant diversity in
the HLA region among individuals. The chromatin interactions
around HLA-DQ and HLA-DR differed mostly among different
primary monocyte samples and were associated with nearby gene
expression. Genetic variation in intergenic regions of the HLA
MHC-II locus is associated with multiple autoimmune diseases
(33). Recent evidence has shown that significant diversity in
histone modifications and super enhancer (SE) interactions
within HLA-DR/DQ promoters or intergenic regions might
dynamically contribute to SLE morbidity (34) or regulate the
complexity of immune responses between individuals (35). Our
findings indicate the underlying regulation of chromatin
interactions around the HLA region, and the results were

consistent with previous reports in B or T cells, while
considering cell-type specificity, we firstly provide evidence of
potential 3D regulation pattern in primary monocytes.

In this work, additional genotyping data showed that SLE-1
presented homozygosity of HLA-DRB1 (*15:01:01) and HLA-
DQB1 (*06:02:01). Considering that SLE-1 presented the
strongest chromatin interactions among the four studied
individuals, we speculated that a relationship exists between
the genotype and the strong chromatin interactions of these
HLA regions. HLA-DRB1*15:01/DQB1*06:02 has been
identified as the strongest classical SLE susceptibility-related
allele in individuals of European, African, and Hispanic
ancestries (36-38). Haplotypes bearing DRB1*1501/DQB1*0602
are key determinants of autoantibody production and disease
susceptibility in human SLE (39). Great interest has been focused
on the DRB1*1501/DQB1*0602 haplotype, which confers risk of
autoimmunity resulting from changes in the epigenome (40).
Therefore, it is reasonable to consider that the DRB1*1501/
DQB1*0602 haplotype can potentially be therapeutically targeted
by altering the 3D architecture to regulate the immune response in
SLE pathogenesis.

We found that the FCGR3A was located at a variable TAD
boundary and that the dynamics of chromatin loops might
modulate CD16 expression. According to the surface
expression of CD16 (FCGR3A), monocytes can be grouped
into three subpopulations (41). The proportion of CD16-
positive monocytes is tightly linked with certain autoimmune
diseases (42-44), and many susceptibility-related SNPs around
these regions have been validated in population studies (45, 46).
Previous studies have explored the epigenetic regulatory
mechanisms of CD16 in monocytes or other immune cells (47,
48). Here, we present the first evidence of chromatin loop-
mediated regulation in this region based on the observed
variation in the TAD boundary in the FCGR3A gene region,
which indicated that the expression of CD16 was dominated by
chromatin interactions. The identified enhancer loop regulations
in FCGR3A suggested potential therapeutic target in
autoimmune neurological diseases.

Nevertheless, taken together, our results indicate both the
stability and variability of high-resolution chromatin interaction
maps among human primary monocytes. The detailed 3D
genomic landscape obtained in this work reveals potential
regulatory functions related to monocytes. Our work highlights
the complex interplay of the epigenetic and spatial 3D chromatin
changes that are necessary to regulate gene expression and
potentially mount an effective immune response. However,
further functional experiments will be required for the
validation of this work. The role of the 3D architecture in
innate immunity is a topic of ongoing investigation.
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