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IgG antibodies form immune complexes (IC) that propagate inflammation and tissue damage in autoimmune diseases such as systemic lupus erythematosus. IgG IC engage Fcγ receptors (FcγR) on mononuclear phagocytes (MNP), leading to widespread changes in gene expression that mediate antibody effector function. Bromodomain and extra-terminal domain (BET) proteins are involved in governing gene transcription. We investigated the capacity of BET protein inhibitors (iBET) to alter IgG FcγR-mediated MNP activation. We found that iBET dampened IgG IC-induced pro-inflammatory gene expression and decreased activating FcγR expression on MNPs, reducing their ability to respond to IgG IC. Despite FcγR downregulation, iBET-treated macrophages demonstrated increased phagocytosis of protein antigen, IgG IC, and apoptotic cells. iBET also altered cell morphology, generating more amoeboid MNPs with reduced adhesion. iBET treatment impaired chemotaxis towards a CCL19 gradient in IC-stimulated dendritic cells (DC) in vitro, and inhibited IC-induced DC migration to draining lymph nodes in vivo, in a DC-intrinsic manner. Altogether, our data show that iBET modulates FcγR-mediated MNP activation and migration, revealing the therapeutic potential of BET protein inhibition in antibody-mediated diseases.
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Introduction

IgG antibodies propagate inflammation and cause tissue damage in a number of autoimmune diseases and in solid organ transplantation. Their pathogenicity is exemplified by systemic lupus erythematosus (SLE), a disease characterized by the deposition of autoantibody-containing immune complexes (IC) in tissues such as the skin or kidney (1). Many pro-inflammatory effects of IgG are mediated by binding to Fcγ receptors (FcγRs). These surface glycoproteins are expressed by many immune cells, including monocytes, macrophages and dendritic cells (DCs), collectively termed mononuclear phagocytes (MNPs). FcγRs may be activating (in humans, FcγRIIA, IIIA, IIIB), or inhibitory (FcγRIIB) (2, 3). Deficiency or dysfunction of FcγRIIB results in susceptibility to SLE in both mice and humans (3–8), highlighting the importance of this pathway in disease pathogenesis.

Almost all tissues contain a network of MNPs, poised to detect and respond to local immune challenges. Deposited IgG IC may be phagocytosed by MNPs in an FcγR-dependent manner and undergo degradation and processing for antigen presentation (2, 9–11), although non-myeloid cells such as B cells also have the capacity to process and present antigen (12). FcγR cross-linking on macrophages also results in the production of inflammatory cytokines that assist in pathogen clearance, but can potentially propagate tissue inflammation in autoimmune diseases (7, 13). In DCs, IgG IC promote maturation and the expression of co-stimulatory molecules required for immunogenic antigen presentation to CD4 T cells (14, 15). In addition to a requirement for maturation, tissue-resident DCs must be geographically re-located from peripheral tissues to lymph nodes to permit interactions with T cells (16–19). This re-location is enhanced by FcγR cross-linking (20) increasing the likelihood of encountering naïve CD4 T cells with the relevant antigen receptor within lymph nodes, potentially promoting autoimmune T cell activation if autoantigen-containing IC have been internalized. Indeed, abnormalities in DC function, including antigen presentation and chemokine receptor function, have been reported in SLE (21, 22). Therefore, both macrophages and DCs play differing but important roles in mediating autoantibody-associated inflammation and represent a useful therapeutic target in this context.

FcγR-dependent MNP activation results in profound changes in gene expression that mediate antibody effector function (23). In the past decade, there has been an increasing appreciation of the importance of epigenetic marks such as DNA methylation and histone modifications in determining whether genes are expressed. Bromodomain and extra-terminal domain (BET) proteins (BRD2, BRD3, BRD4 and BRDT) are chromatin ‘reader’ proteins that detect acetylated histones and govern the assembly of the chromatin complexes required for gene transcription (24, 25). Given the pivotal role of BET proteins in transcriptional regulation, small molecule synthetic histone mimics that inhibit binding of acetylated histones to BET proteins have been developed as potential anti-cancer and anti-inflammatory drugs (26–28). I-BET151 (GSK525762A), referred to hereafter as iBET, is a potent inhibitor of BRD2, BRD3 and BRD4 (29, 30), which are ubiquitously expressed proteins, including in myeloid cells (25, 31).

Treatment options in autoantibody-mediated disease such as SLE remain limited. B cell-targeted therapy may reduce antibody generation, but limiting FcγR-associated immune cell activation by existing autoantibody remains an unmet need. Inhibitors of BET proteins have shown some utility in animal models of autoimmunity (32) including those with proven antibody-dependent component, such as collagen-induced arthritis (33). These small molecule inhibitors has also been shown to selectively inhibit the transcription of a subset of inflammatory genes in macrophages following toll-like receptor (TLR)4 stimulation (34, 35), including MNP chemo-attractants in tissue injury such as CCL-2. Here, we explored the potential of BET protein inhibitors to limit FcγR-mediated MNP activation.

We show that iBET dampened the expression of genes associated with IgG IC stimulation of MNPs and reduced the expression FcγRs on macrophages, decreasing their susceptibility to IgG-mediated activation. Interestingly, iBET increased macrophage phagocytosis, including phagocytic pathways independent of FcγR. iBET treatment also changed MNP morphology and resulted in a less adherent phenotype, prompting an assessment of its impact on DC migration. In vitro, IgG IC augmentation of DC chemotaxis to CCL19 was abrogated by addition of iBET. In keeping with this, systemic iBET treatment reduced IC-induced dermal DC mobilization in vivo and decreased their migration to draining lymph nodes, a DC-intrinsic effect. Together, our data confirm that iBET has a substantial impact on FcγR-mediated MNP activation and migration, and highlight therapeutic potential of bromodomain protein inhibitors to reduce tissue inflammation in antibody-mediated diseases, such as SLE.



Materials and Methods


Mice

Wild-type C57BL/6 mice, transgenic mice expressing enhanced yellow fluorescent protein (EYFP) under the control of the CD11c promoter, enhanced green fluorescent protein (EGFP) under the control of the human ubiquitin C promoter, and enhanced cyan fluorescent protein (ECFP) under the control of chicken β-actin promoter were obtained from Jackson Laboratories (Margate, UK). Fcγr2b-deficient mice on a C57BL/7 background (4) were provided by Jeff Ravetch (Rockefeller University, New York) and Silvia Bolland (National Institutes of Health, NIAID, Bethesda, MD). For all experiments, both male and female mice were used. For in vivo experiments, mice between the ages of 6 and 12 weeks were used. Mice were maintained in specific pathogen-free conditions at a Home Office-approved facility, with all procedures conducted in accordance with the United Kingdom Animals (Scientific Procedures) Act of 1986 and the GSK Policy on the Care, Welfare, and Treatment of Animals.



iBET

I-BET151 (iBET) was supplied by GSK. For in vitro experiments, a stock solution of 10mM was prepared in DMSO solvent (Sigma) and was diluted and added to cell culture at the specified concentrations. For RNA sequencing experiments, BMDMs and BMDCs were treated with iBET at 5.0 and 3.3 μM respectively, added 30 minutes prior to immune complex stimulation. For in vivo experiments, iBET was administered at a concentration of 30 mg/kg, prepared by dissolving in normal saline containing 5% (v/v) DMSO and 10% (w/v) Kleptose HPB. For quantification of FcγR expression in vivo, mice were treated with intraperitoneal injection of iBET every 24 hours over 72 hours, followed by flow cytometry of harvested spleens.



Immune Complexes

Endotoxin-free ovalbumin (1 mg/mL, Hyglos) was opsonized with a polyclonal rabbit anti-ovalbumin antibody (3.7 mg/mL, Sigma-Aldrich) at 37°C for 1 hour, at a 1:10 (v/v) ratio, to form insoluble immune complexes (IC), for stimulation of cells in culture or administration in vivo. Cells were harvested at defined time points and washed to remove free ICs. For RNA sequencing experiments, BMDMs and BMDCs were stimulated with immune complexes of ovalbumin for 4 hours. For phagocytosis assays, Alexa Fluor (AF)647-conjugated ovalbumin was used (Thermo Fisher), and conjugated with antibody as described above. For in vivo phagocytosis, 0.33 g/kg AF647-conjugated ovalbumin was opsonized with 3.2 g/kg polyclonal rabbit anti-ovalbumin antibody before injection. Phagocytic degradation products were identified by substituting Ova-647 with DQ™ Ovalbumin (Invitrogen), a conjugate that exhibits fluorescence only after proteolytic degradation.



Culture of Mononuclear Phagocytes

For murine bone marrow-derived macrophages (BMDMs), bone marrow from femurs and tibias of mice were obtained by flushing with ice-cold sterile PBS and washed in ice-cold PBS. Bone marrow cells were then incubated in complete RPMI (cRPMI; 10% Hyclone FBS, 1% penicillin/streptomycin in RPMI-1640) supplemented with 100 ng/mL murine macrophage colony-stimulating factor (M-CSF, 100 ng/mL, PeproTech). Cells were cultured at 37°C over 5 days, with culture media being replaced on day 3. Adherent cells were harvested for downstream experiments and replated in cRPMI with M-CSF.

For murine bone marrow-derived dendritic cells (BMDCs), bone marrow cells were cultured in cRPMI supplemented with granulocyte-macrophage colony stimulating factor (GM-CSF, 40 ng/mL, PeproTech) over 8 days, with culture media being replaced on day 3 and 6. For BMDMs and BMDCs, cells were incubated with endotoxin-free ovalbumin (Hyglos) or immune-complexed ovalbumin for 24h at 37°C, on day 6 and 9 respectively, together with iBET at the specified concentration or DMSO control.

For murine peritoneal macrophages, the peritoneal cavity was flushed with 5 mL ice-cold sterile PBS. Cells harvested from peritoneal lavage were plated in cRPMI for 1 hour and adherent cells were used for downstream experiments.

Human monocyte-derived macrophages (moMac) were generated from the peripheral blood of healthy volunteers, obtained with informed consents under an IRB/EC approved protocol. Peripheral blood mononuclear cells (PBMCs) were isolated from Histopaque 1077 (Sigma-Aldrich) density separation, and monocytes enriched by negative selection using a MACS-based monocyte purification kit (Miltenyi Biotec). Purified PBMCs were cultured for 5-10 days in cRPMI with human M-CSF (0.1 μg/mL, PeproTech), supplemented every 72 hours, and subsequently stimulated with IC for downstream experiments.



RNA Extraction and RNAseq Sample Preparation

BMDMs or BMDCs in culture were lysed using RLT plus buffer (QIAGEN), vortexed, snap frozen on dry ice, and stored at -80°C. To extract RNA from cell lysates, RNeasy plus micro kit (QIAGEN) were used according to the manufacturer’s instructions. Genomic DNA contamination was removed using Optimal DNA depletion columns (QIAGEN). Purified RNA was eluted in nuclease free water (Ambion) and stored at -80°C. To assess the quality and concentration of purified RNA, RNA pico chip (Applied Biosystems) on Bioanalyzer 2000 (Applied Biosystems) was used according to the manufacturer’s instructions. For all RNAseq experiments, samples had an RNA integrity number of >8. For library preparation, SMARTer® stranded total RNAseq mammalian pico input kit (Takara) was used according to the manufacturer’s instructions. 5ng of total RNA was used for production of libraries. Library size was assessed using a High Sensitivity DNA chip (Applied Biosystems) on Bioanalyzer 2000 (Applied Biosystems) according to the manufacturer’s instructions. Concentration of the library was determined by qPCR using ROX low KAPA library quantification kit (Roche). Libraries were pooled at an equimolar concentration with up to 10 libraries per pool.



RNA-Sequencing

For investigation of the effect of iBET treatment and immune complex stimulation on the transcriptome of murine BMDMs and BMDCs, we performed bulk RNA-sequencing (RNA-seq) using Hiseq 4000 (Illumina) on a 2 x 150bp sequencing run. Sequencing was performed by Genewiz. Pooled libraries were de-multiplexed by Genewiz using Casava (Illumina) before transfer of the data to the University of Cambridge. The Fastq files from libraries prepared using the Takara library prep were trimmed of the first 3 nucleotides of the R1 strand. Contaminating adaptor sequences and poor-quality bases removed (bases with a Phred 33 score of < 30) using Trim Galore! (Babraham bioinformatics). The Illumina library preps were only trimmed for quality. Sequencing quality of the resulting files was assessed using FastQC (Babraham bioinformatics). Fastq files were aligned to the mm10 genome using HISAT2.

Subsequent RNA-seq analysis was performed in the R statistical environment. Resulting data is available on GEO under accension numbers GSE200033 and GSE200226. Reads were counted and assigned to genes using the Featurecount function from the Rsubread package and differential expression analysis was performed using DESeq2 with an appropriate design matrix according to the default workflow, and batch effects removed using the sva package. Figures were plotted using the ggplot2, pheatmap, and EnhancedVolcano packages. Gene Set Enrichment Analysis (GSEA, https://www.gsea-msigdb.org/gsea) was conducted using GSEA 4.1.0 according to developers’ instruction, using the pre-ranked option and classic setting. The rank metric for pre-ranked GSEA was calculated according to the following formula:

	

Hallmark and Kegg gene sets were downloaded from Molecular Signature Database (MSigDB). Migratory DC gene sets were obtained from differentially expressed genes from previously published single cell RNA-sequencing analysis (GEO: GSE131957 and GSE137710) (36, 37).



Quantitative Polymerase Chain Reaction

RNA extraction was performed using Ambion RNA PureLink kit (Life Technologies) according to the manufacturer’s instructions, from lysates of BMDMs. RNA concentration and purity were determined by Nanodrop spectrophotometry (Thermo Fisher) and subjected to cDNA synthesis using a High Capacity RNA-to-cDNA kit (Life Technologies). Quantitative polymerase chain reaction (qPCR) samples were performed in triplicate using Taqman reagents and the following TaqMan Gene Expression Assay primers and probes (Thermo Fisher). Primers used: Gapdh (Mm99999915_g1), Hprt (Mm03024075_m1), Fcgr1 (Mm00438874_m1), Fcgr2b (Mm00438875_m1), Fcgr3 (Mm00438882_m1), Fcgr4 (Mm00519988_g1), Il1b (Mm00434228_m1), Il6 (Mm00446190_m1), Tnf (Mm00443258_m1). qPCR was performed using the Viia 7 PCR machine (Life Technologies) and gene expression normalised to Gadph or Hprt using the 2-ΔCt method.



Flow Cytometry

Cells in culture, peritoneal lavage, splenocytes or lymph node cell suspensions were blocked with 0.5% heat-inactivated mouse serum for 15 minutes, followed by extracellular staining for 1 hour at 4°C using a combination of fluorophore-conjugated antibodies. Staining for CCR7 was performed at room temperature. Viability staining was performed using LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit (Life Technologies) or Zombie™ UV/Aqua Fixable Viability Dye (Biolegend) according to manufacturer’s instructions. Fells were fixed in PBS containing 1% formaldehyde, 0.02% sodium azide, 2% glucose. Cell counting was performed using 123count eBeads (eBioscience). Flow cytometry data collection was performed on a LSRFortessaTM (Becton Dickinson) flow cytometer and data analysed using FlowJo software (BD, version 10.6). Antibodies used are listed in Supplementary Information.



Confocal Microscopy

Murine BMDMs and BMDCs were seeded onto glass cover slips sterilized with 70% ethanol prior to placement in 24 well culture plates, prior to addition of IC or iBET where appropriate. After incubation, cells were washed to remove free IC and fixed to cover slips by incubation with FACS FICS for 15 minutes. Cells were blocked and permeabilized in blocking buffer (0.1M TRIS, 1% BSA, 0.1% Triton X-100, 1% normal goat serum), and subsequently incubated with primary antibodies diluted in blocking buffer for 2 hours. Following washing with 0.1M TRIS, cells were incubated for 2 hours in appropriate secondary antibodies. Where relevant, slides were incubated with phalloidin diluted in blocking buffer for 1 hour. Cells were washed and mounted onto slides using VectaShield Hardset Mounting Medium with DAPI (Vector Labs). Images were acquired using a Zeiss 710 or Zeiss 780 confocal microscope and analysed using Imaris software (Oxford instruments). Antibodies used are listed in Supplementary Information.



Phagocytosis of Apoptotic Cells

Thymi of C57BL/6 were harvested and passed through a 70 μm cell trainer. Thymocytes were labelled with cell tracker orange (ThermoFisher) according to manufacturer’s instructions, then rendered apoptotic via treatment with 1 μM dexamethasone (Sigma) for 17 hours (38). Murine BMDMs were pre-treated for 17 hours with iBET (0.5 μM) or DMSO control. Phagocytosis was assessed by flow cytometry, 4 hours after incubation of BMDMs with apoptotic thymocytes.



In Vivo Immune Complex Peritonitis Model for Phagocytosis

Wild type C57BL/6 mice were injected with iBET (30 mg/kg.) or solvent control intraperitoneally, prepared as described above, with a second dose given 24 hours later. 1 hour later, Alexa Fluor 647-conjugated immune complexes or ovalbumin control were injected intraperitoneally. After 6 hours, mice were sacrificed, and peritoneal cavity resident immune cells were obtained by flushing with 3 mL of ice-cold sterile PBS (with 3% FBS). Peritoneal lavage was stained for subsequent flow cytometry analysis.



In Vivo Kidney MNP Stimulation Assay for Phagocytosis

Wild-type C57/BL6 mice were injected intraperitoneally with iBET (30mg/kg) or solvent control, with a second dose given 24 hours later, followed by an intravenous dose of Alexa Fluor 647-conjugated immune complexes or ovalbumin control, injected via tail vein at a dose of 500 ng/g. After 60 minutes, mice were sacrificed and organs flushed with ice-cold PBS. For tissue dissociation of murine kidneys, organs were finely minced, and digested in RPMI-1640 medium containing 10mM Hepes, 1 mg/mL collagenase A (Roche), 0.1 mg/mL DNaseI (Roche) and 2% heat inactivated FCS (Sigma Aldrich) for 20 minutes. Tissue pieces were mechanically dissociated through a 70μm cell strainer and washed with PBS containing 2% FCS, and red blood cell lysis was performed using distilled H2O containing 0.83% (w/v) NH4Cl, 0.1% (w/v) NaHCO3, 100 mM EDTA. Single cell suspensions were subjected to a 44% v/v Percoll gradient (Sigma Aldrich) and washed thoroughly in ice-cold PBS for downstream analysis. For RNA extraction for qPCR, murine kidneys were submerged after harvest in RNAlater™ Stablisation Solution (Invitrogen) for storage, and later homogenised in lysis buffer using Precellys® homogenisation technology and RNA extracted using PureLink RNA Mini Kit (Invitrogen).



In Vitro 3D Chemotaxis Assay

Migration of BMDCs to a chemokine gradient was assessed as previously described by Haessler et al. (39). Briefly, BMDCs derived from transgenic mice expressing a fluorescent tag were stimulated with IC for 24 hours in the presence of iBET or DMSO control. iBET-treated cells were ECFP labelled and DMSO-treated cells EGFP labelled. After washing, cells were resuspended to a concentration of 10 × 106 cells/mL and incorporated within 300 μL of a 1.5 mg/mL bovine collagen gel (20 μL 10x Minimum Essential Media Eagle (Sigma), 20 μL water, 10 μL 7.5% sodium bicarbonate solution (Sigma), 50 μL RPMI 1640, 150 μL 3mg/mL bovine collagen I (Sigma), 50 μL cell suspension in RPMI) loaded into a μ-Slide Chemotaxis chamber (Ibidi), according to the manufacturer’s instructions. The chamber was incubated for 15 minutes at 37°C, inverting once to ensure uniform cell distribution during collagen gelatination. Following incubation and solidification of the gel matrix, CCL19 (100 ng/mL, Peprotech) was applied to the chemoattractant solution reservoir and the sink reservoir was maintained base media. Migratory behaviour was imaged using time lapse confocal microscopy on an inverted Zeiss LSM 780 inverted confocal microscope with a 20X 0.9 NA objective, with stacked images taken every 45 to 60 seconds, over 2 to 4 hours.



In Vivo Migration Assay: Intravital Imagine of Dermal DCs by Two Photon Microscopy

CD11cEYFP mice were anaesthetised with isoflurane and footpads were imaged at 915nm using a Zeiss 510 microscope, as previously described previously (40, 41). Briefly, a 70 μm-thick section of the dermis containing lymphatic vessels were scanned at 3 μm Z-steps every 45 seconds for 60 minutes, to generate time-lapse sequences. Imaging was alternated between left and right footpads over an 8 hour period to compare footpads in which 50 μL of ovalbumin or immune complexes had been injected 18 hours prior. Ovalbumin (0.1 mg/mL) was administered subcutaneously into the right footpad and immune complexes (50 μg Ova; 150 μg rabbit anti-Ova) to the left, so that animals acted as their own controls for immune complex stimulation. iBET or DMSO control was administered intraperitoneally two hours prior to ovalbumin or immune complex injection. Qdot® A655 (Invitrogen Molecular Probes) was administered intravenously prior to imaging, to delineate dermal vasculature, where successful. The investigator performing the imaging was not blinded to information regarding treatment or stimulation.



In Vivo Migration Assay: FITC Paint Model

Dermal DC migration was assessed using a FITC sensitization model, as previously described (20, 42). Ovalbumin or immune-complex ovalbumin was administered subcutaneously to the base of the tail, flank, or groin on the right and left side respectively of wildtype C57BL/6 mice, allowing for comparison of two experimental conditions within the same animal. At the same time, FITC (8 mg/mL, Sigma) was dissolved in equal volumes of acetone and dibutyl phthalate (Sigma) and 25 μL was applied to shaved skin over the site of IC administration. iBET (30 mg/kg) or solvent control was administered intraperitoneally thrice over a 48 hour period beginning at the time of IC administration. 48 hours after FITC application, draining inguinal lymph nodes and non-draining brachial lymph nodes were harvested for comparison. Lymph nodes were homogenized, passed through a 70 μm cell strainer, and digested in collagenase A (1 mg/mL, Roche) DNaseI (1 mg/mL, Roche), and 2% FCS in PBS for 20 minutes. The number of FITC+ cells were quantified by flow cytometry in harvested lymph nodes.



Image Analysis for Chemotaxis and Migration Assays

Both in vitro and in vivo migration sequences were processed using Imaris software (Oxford Instruments, version 7.4). The Snapshot tool was used to generate time-lapse movies, still images and track histories. To characterize migration behaviour of individual DCs and obtain track statistics, all DC migration data was analysed using the surface tracking feature in Imaris. Specifically, x- and y-coordinates for each cell tracked were recorded to plot spatial trajectories, to obtain values for displacement and distance covered. Speed values were recorded over the entire sequence. The standalone version of Ibidi’s Chemotaxis and Migration Tool (Ibidi) was used to visualize tracks for in vitro movies. Track displacement was calculated in the x- and y-axes for the in vitro chemotaxis assay. Track length refers to the accumulated distance travelled by each cell over the observed period. The centre of mass represents the averaged point of all cell end points respective to the x- and y-axes.



BMDC Transfer Model

Fluorescent labelled BMDCs were generated from transgenic EGFP or ECFP mice, as described above, and were stimulated with IC over 16 hours and treated with iBET or DMSO respectively. Cells were washed to remove free IC and injected subcutaneously into the flank or footpad of wild-type recipient C57BL/6 mice. 48 hours following BMDC transfer, draining and non-draining lymph nodes were harvested and fluorescently labelled DCs were quantified by flow cytometry.



Statistical Analysis

With the expression of RNA-seq analyses, described above, statistical analysis was performed using Graphpad PRISM software (version 9.0). Data is expressed as mean ± SEM, mean with individual data points, or median with individual data points as indicated in figure legends. For comparisons, Wilcoxon matched-pairs signed rank test, nonparametric Mann-Whitney-U test or two-tail Student t-test were applied, as described in figure legends. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001, NS = not significant. Illustration in Figure 6 was made in Affinity Designer (version 1.9).




Results


iBET Variably Inhibits FcγR Cross-Linking-Associated Transcriptional Changes in MNPs

To gain a global overview of the effect of iBET on FcγR-mediated MNP activation, we performed bulk RNA-sequencing (RNA-seq) on murine bone marrow-derived macrophages (BMDMs) following stimulation with insoluble IgG opsonized ovalbumin immune complexes (ICs) or ovalbumin control alone (Ova) for 4 hours (20), with iBET treatment or DMSO solvent control added 30 minutes prior to IC or Ova stimulation. 377 genes were significantly differentially expressed in IC+DMSO macrophages compared to 181 differentially expressed genes (DEGs) in IC+iBET cells (Figure 1A). Notably, the expression of several antimicrobial genes strongly driven by FcγR cross-linking, including Irg1 and Jag1 (43, 44), were abrogated by iBET treatment. Consistent with this, we observed a global dampening of top IC-inducible gene changes in iBET, including transcripts of known importance in inflammatory and NFκB signalling, such as Tnf, Nfkbia, Nfkbie, Cxcl2, Ikbke, etc. (Figure 1B). As anticipated, due to the extensive role of bromodomain proteins in transcriptional regulation (24, 25), treatment with iBET alone drove major changes in gene expression. 2263 genes were differentially expressed after just 4.5 hours of exposure to iBET, accounting for 9.3% of gene transcripts captured by RNA-seq (Supplementary Figure 1A).




Figure 1 | Gene expression changes induced by FcγR crosslinking are variably affected by iBET. (A) Volcano plots demonstrating DEGs stimulated by Ova-IC vs ovalbumin control, in the absence and presence of iBET, in murine BMDMs. (Adjusted P-value cut-off = 10e-6.) (B) Heat map of top 200 IC-induced DEGs with iBET treatment, with genes of interest involved in inflammatory signalling highlighted. (C) Gene set enrichment analysis (GSEA) of selected KEGG pathways affected by iBET treatment in IC-stimulated BMDMs; all FDR q-value < 0.05. (D) GO biological processes of DEGs unique to combination of IC stimulation and iBET treatment. (E) Heat map of Fcgr expression in BMDMs following iBET treatment, with Ova or Ova-IC stimulation. (F) qPCR of Fcgr expression in BMDMs following iBET treatment. Medians are shown, where points represent expression levels of BMDMs from individual mice (n=6). (G) Flow cytometry quantification of FcγR expression on splenic B cells, dendritic cells (DC) and macrophages in vivo, following systemic treatment with iBET for 3 days. Medians are shown for data representative of 4 independent experiments, points represent individual mice. (H) Flow cytometry quantification of FcγR expression on human monocyte-derived macrophages (moMac) in vitro, following treatment with iBET. Means ± SEM shown for data representative of 2 independent experiments from independent donors. BMDM RNA-seq data is representative of 3 biological replicates from independent mice. Significance testing using Wald test as described in DESeq2 (E), Wilcoxon matched-pairs signed rank test (F), Mann-Whitney U test (G), and two-tailed Student’s t-test (H).



To understand the biological significance of iBET-induced gene changes, we used gene set enrichment analysis (GSEA) (Figure 1C and Supplementary Figure 1B). iBET treatment down-regulated inflammatory signalling pathways, including interferon responses, ‘cytokine signalling’ and ‘toll-like receptor (TLR) signalling’ and ‘chemokine signalling’ in both IC and Ova-treated macrophages, with additional effects on genes relating to MNP phagocytosis (‘FcyR-mediated phagocytosis’) and morphology (‘regulation of actin cytoskeleton’). Gene Ontology (GO) biological processes enriched in DEGs unique to IC + iBET treatment (Supplementary Figure 1C) confirmed the anti-inflammatory effects of iBET, with negative enrichment of ‘response to IFNγ’ and ‘IL1 signalling pathway’ genes, but interestingly, induction of genes involved in phago-endocytic processes (Figure 1D).

Given effects on genes associated with FcyR-mediated phagocytosis, we next sought to profile whether iBET influenced the expression of FcγR genes themselves. RNA-seq of murine BMDMs showed reduced expression of activating receptors Fcgr1 and Fcgr3, as well as the inhibitory Fcgr2b in iBET treated macrophages (Figure 1E), effects validated by qPCR (Figure 1F). Similarly, in bone marrow-derived dendritic cells (DC), iBET treatment also reduced Fcgr transcripts (Supplementary Figure 2A). We confirmed reduced cell-surface FcγR protein expression, (using a FcγRIIb/III-binding antibody, 2.4G2), on BMDM (Supplementary Figure 2B) and murine peritoneal macrophages (Supplementary Figure 2C) following in vitro iBET treatment. To explore the effects of iBET on FcγR expression in vivo, we treated mice systemically with iBET for 3 days. This resulted in a significant reduction in FcγRIIb/III expression on splenic CD11b+ macrophages and CD11c+ dendritic cells (DCs), with minimal effects on FcγRIIb expression, suggesting that the main effect of iBET in vivo is to reduce activating FcγR expression and to shift the activating-to-inhibitory (A/I) FcγR ratio to promote a less inflammatory state (Figure 1G and Supplementary Figure 2D). To demonstrate relevance in humans, we generated macrophages from peripheral blood monocytes, and similarly found a reduction in activating FcγR expression, particularly FcγRIII, following iBET treatment (Figure 1H and Supplementary Figure 2E).



iBET Increases Macrophage Phagocytosis

Our analysis of the effect of iBET on the transcriptome of BMDMs (Figures 1C, D and Supplementary Figure 1B) suggested that phagocytic processes may be enhanced in MNPs, despite the reduced expression of FcγRs we identified (Figures 1E-H). To test this functionally, we quantified in vitro phagocytosis of fluorescent-labelled Ovalbumin (Ova) or IgG opsonised Ova by BMDMs, and observed that iBET treatment significantly increased the per cell uptake of both Ova and Ova-IC, as evidenced by an increase in MFI (Figure 2A). Macrophage phagocytosis is not only important for clearing circulating immune complexes, but is also required to remove apoptotic cells. Indeed, reduced apoptotic cell clearance is thought to promote the breakdown of tolerance to nuclear antigens presented on the surface of apoptotic blebs, contributing to lupus pathogenesis (45, 46). We therefore generated apoptotic cell tracker-labelled thymocytes (38) and added them to BMDMs that were pre-treated with iBET or DMSO control. iBET treatment resulted in an increased accumulation of apoptotic cell debris within macrophages compared with DMSO-treated cells (Figures 2B, C).




Figure 2 | iBET alters macrophage phagocytosis. (A) Flow cytometry quantification for phagocytosis of fluorescent-labelled Ova-AF647 by murine BMDMs after 16 hours. Phagocytic index is the geometric mean fluorescence (GMF) of Ova+ gate (phagocytic macrophages). Means ± SEM shown for data representative of 5 independent experiments, normalized to DMSO-treated BMDMs in Ova, to allow comparison across experiments. (B) Representative image of murine BMDM with phagocytosed fluorescent-labelled (cell tracker orange) apoptotic thymocytes after 4 hours. (C) Flow cytometry quantification for phagocytosis of apoptotic thymocytes by BMDMs. Means ± SEM shown for data representative of 2 independent experiments. (D) Flow cytometry quantification for peritoneal macrophage accumulation of fluorescent-labelled immune complexed or soluble antigens in vivo. Medians are shown for data representative of 3 independent experiments, points represent individual mice. Relative values to untreated Ova-IC stimulated mice reported due to interexperimental variation in Ova-AF647 fluorescence. (E) qPCR of inflammatory cytokine expression in whole kidney tissue following iBET treatment and IC stimulation. Medians are shown from 2 independent experiments, where points represent expression levels from individual mice. Significance testing using two-tailed Student’s t-test (A, C), Mann-Whitney U test (D, E).



Next, we sought to determine the effect of iBET on macrophage phagocytosis in vivo. Mice were pre-treated with iBET or solvent control, followed by the administration of Ova or Ova-IC intraperitoneally (Supplementary Figure 3A). 6 hours post-IC challenge there was a similar proportion of Ova-positive macrophages in iBET-treated mice compared with controls however, the per cell uptake of both Ova and Ova-IC was significantly higher in the iBET group (Figure 2D). iBET treatment did not affect the frequency of peritoneal cells (Supplementary Figure 3B), nor phagocytosis by peritoneal DCs (Supplementary Figure 3C).

Increased levels of Ova fluorescence may result from increased antigen uptake or delayed lysosomal degradation leading to accumulation of fluorescent material. To probe this point, we generated insoluble IgG immune complexes with fluorescent DQ-Ova, a compound that fluoresces only upon proteolytic degradation in the lysosome. This did not indicate any delayed appearance of DQ-Ova in the presence of iBET (Supplementary Figure 3D). Indeed, at 15 minutes, increased accumulation was already evident. Interestingly, at later timepoints, the difference in DQ signal between iBET and DMSO-treated macrophages did not increase, as one might expect if there was impaired lysosomal degradation. Altogether, this data supports an increase in Fc-mediated phagocytosis in the presence of iBET.

We sought to extend our observations to a tissue context relevant to SLE, specifically the effect of circulating IgG immune complex on kidney resident macrophages. Kidney macrophages may arise from yolk-sac progenitors or be monocyte-derived, characterised by F4/80high CD11bint and F4/80int CD11bhigh expression respectively (47), and differ in their functional characteristics (48). Mice were pre-treated with iBET or solvent control, followed by intravenous administration of Ova or Ova-IC (Supplementary Figure 4A), where both populations of kidney macrophages have been previously shown to uptake immune complex (49). The administration of intravenous IC led to an increased frequency of F4/80int CD11bhigh kidney monocyte-derived macrophages (Supplementary Figure 4B), robust phagocytosis of Ova-IC compared with Ova alone, with little effect of iBET treatment (Supplementary Figures 4C, D). Despite this avid phagocytosis of circulating IgG IC, administration of iBET attenuated the IC-associated increase in pro-inflammatory cytokine gene expression in the kidney, including Il1b and Tnf transcripts (Figure 2E). Altogether, these data suggest that iBET may enhance the removal of both IgG ICs and apoptotic cells, without a corresponding increase in pro-inflammatory signalling, both potentially beneficial to attenuate lupus pathogenesis.



iBET Alters MNP Morphology and Adhesion

Additional gene pathways regulated by iBET in BMDM included ‘regulation of actin cytoskeleton’ (Figure 1C and Supplementary Figure 1B). Consistent with, we observed morphological changes in iBET-treated BMDMs in vitro, with a reduction in dendritic processes (Figure 3A), a decrease in cell surface area and volume, and an increase in sphericity (Figure 3B). At higher concentrations, iBET treatment resulted in a decrease in adherent cells observed per high power field (Figures 3C, D). Similar effects on cell morphology were observed in murine bone marrow-derived dendritic cells (BMDCs) following iBET treatment, with decreased cell adhesion and increased sphericity (Figures 3E, F), but no significant effects on cell viability (Supplementary Figure 4E). Overall, these iBET-induced morphological changes might reasonably be expected to influence cell motility and chemotaxis, processes of particular importance for tissue DCs, enabling migration from peripheral tissues to draining lymph nodes, critical for antigen presentation to, and spatial co-localisation with, CD4 T cells (9, 10).




Figure 3 | iBET alters MNP morphology and adhesion. (A) Representative images showing effect of iBET treatment on murine BMDM morphology in vitro. DAPI stain shown in blue, phalloidin in white. (B) Quantification of BMDM morphology by confocal microscopy of murine BMDMs following treatment with iBET for 24 hours. (C) Representative image change in BMDM adhesion after iBET treatment in vitro; phalloidin (red), DAPI (green). (D) Cells per high powered field observed after iBET treatment. Means ± SEM shown for data representative of 5 high-powered fields per condition. Means ± SEM shown for data representative of 5 high-powered fields per condition (A–D). (E) Representative images showing effect of iBET treatment on murine BMDC morphology and adhesion in vitro. DAPI stain shown in blue, phalloidin in white. (F) Quantification of BMDC adhesion and morphology by confocal microscopy of murine BMDCs following treatment with iBET (3.3μM) for 24 hours. Means ± SEM shown for data representative of 10 high-powered fields per condition. Significance testing using two-tailed Student’s t-test (B, D, F).





iBET Limits Chemokine-Directed and IC-Induced DC Chemotaxis

GSEA of RNAseq of BMDCs treated with iBET (Supplementary Figures 5A, B) demonstrated negative enrichment of ‘chemokine signalling’ and ‘cell adhesion molecules’ gene sets with iBET treatment, in both Ova and Ova-IC treated DCs (Supplementary Figure 5C). Furthermore, in vivo migratory DC gene signatures curated from publicly available single-cell RNA-seq (scRNAseq) datasets of tissue cells (36, 37) were also negatively enriched in iBET-treated BMDCs compared with DMSO-treated cells (Figure 4A and Supplementary Figure 5D). Indeed, several genes known to be important for DC migration and maturation (36), including Dock8 (a Cdc42-specific guanine nucleotide exchange factor that is critical for interstitial DC migration) (50), several chemokine receptors, and co-stimulatory molecules (51), were down-regulated in iBET-treated DCs (Figure 4B and Supplementary Figure 5E).




Figure 4 | iBET limits DC migration in vitro. (A) GSEA of gene signature specific to migratory DCs, curated from scRNAseq data, in iBET treated murine BMDCs. Gene signature derived from Brown et al. (2019), GEO: GSE137710. (B) Heat map of expression of selected genes involved in DC migration and maturation. (C) Representative migration tracks of Ova-IC stimulated BMDCs over 2 hours, and average centre of mass in a 3D collagen matrix with or without a 500ng CCL-19 gradient. Red track marks represent cells with final displacement in the direction of the chemokine gradient. (D) Selected chemotaxis parameters from (C). Means ± SEM shown for data representative of 3 independent experiments, including at least 180 tracked BMDCs for each condition. RNA-seq data is representative of 5 biological replicates from independent mice. Significance testing using Student’s t-test.



A major mechanism by which tissue DCs migrate to lymph nodes is via CCR7-dependent chemotaxis to CCL19 and CCL21 (18, 19), a process stimulated by FcyR cross-linking on DCs (20). iBET treatment of IC-stimulated DCs embedded within a three-dimensional collagen matrix (52) led to reduced chemotaxis towards a CCL-19 gradient compared with DMSO-treatment, although iBET had no effect on overall DC movement or migration speed (Figures 4C, D and Supplementary Figure 5F). Consistent with our observations on the effect of iBET on MNP chemotaxis, we found that iBET impaired recruitment of monocyte-derived macrophages to the kidney in our model of systemic IC administration (Supplementary Figure 4B).

To determine if iBET inhibited IC-stimulated chemotaxis of endogenous DCs in vivo we used intravital two-photon microscopy to assess the movement of dermal DCs in WT and Fcgr2b-/- CD11cEYFP mice (20), the latter a model for enhanced activating FcyR signalling (3). Systemic iBET treatment significantly decreased IC-induced DC track displacement, reflecting directional mobilization, in both strains, with variable effects on DC movement and speed, consistent with an inhibition of chemotaxis but not chemokinesis (Figures 5A-D).




Figure 5 | iBET impairs IC-associated DC chemotaxis in vivo. (A) Representative images showing movement of CD11c-YFP labelled dermal DCs in mice footpads by two-photon microscopy. Following treatment with iBET or solvent control, CD11c-YFP reporter mice were injected with Ova in one hind footpad and Ova-IC in the contralateral footpad, with imaging under isoflurane anaesthesia 18 hours later. Green shows DCs, yellow shows representative migration tracks of respective DCs. (B) Quantification of chemotaxis of dermal DCs in mice footpads. (C) Representative images showing movement of CD11c-YFP labelled dermal DCs and (D) quantification of chemotaxis in footpads of FcγRIIb -/- mice. Blood vessels labelled with Qdot® probe (red), shown where successful. For all, medians are shown for data representative of 2 independent experiments, points show individual tracked dermal DCs. Significance testing using Mann-Whitney U test.





iBET Impairs IC-Stimulated DC Migration Towards Lymph Nodes

Next, we asked whether iBET could prevent dermal DCs from completing their migration to draining lymph nodes, using an established FITC paint model (20) to label dermal DCs, followed by local administration of IC and simultaneous systemic treatment the mice with iBET (Supplementary Figure 6A). At 48 hours post-IC stimulation, there was a significant reduction in the frequency of FITC+ MHC class IIhigh CD11c+ DCs in draining lymph nodes in iBET-treated mice compared to controls. This reduction was observed in both tissue-resident EPCAM+ Langerhans cell, as well as CD103+ conventional DCs (Figures 6A, B and Supplementary Figure 6B). We also noted a reduction in FITC-labelled DCs in non-draining lymph nodes, and that mice treated systemically with iBET had smaller lymph nodes. This was associated with a reduction in live cells in non-draining lymph nodes (Figure 6C), suggesting iBET may affect homeostatic leucocyte migration to lymph nodes, even in the absence of an inflammatory stimulus.




Figure 6 | iBET impairs IC-stimulated DC migration to lymph nodes. (A) Representative flow cytometry plots of draining lymph nodes of mice from FITC paint model. FITC paint was applied topically to shaved skin of mice to label dermal DCs, stimulated and treated with IC and iBET with appropriate controls, and draining lymph nodes were harvested 48 hours later. (B) Flow cytometry quantification of dermal DCs from draining and non-draining lymph nodes from FITC paint model. Medians are shown for data representative of 4 independent experiments, points show individual mice. (C) Lymph node cell number in FITC paint model following iBET treatment. (D) Diagram of experimental set up for murine BMDC transfer model. BMDC were cultured from fluorescent-labelled mice and treated with iBET or DMSO followed by transfer to wild-type mice. Recipient mice were culled 48 hours alter and lymph nodes were harvested. (E) Representative flow cytometry plot of CFP and GFP staining of DCs in draining lymph nodes. (F) Flow cytometry quantification of DC composition in draining lymph nodes. Data shown is representative of 10 mice from 3 independent experiments. Significance testing using Mann-Whitney U test (B, C) and Wilcoxon matched-pairs sign rank test (E).



The reduction in DC migration observed in iBET-treated animals could be due to direct cell-intrinsic effects on DCs, or due to effects on cells involved in governing chemotaxis, such as chemokine-producing stromal cells. We therefore utilized a DC transfer model in which BMDCs from green fluorescent protein (GFP)-expressing mice and cyan fluorescent protein (CFP)-expressing mice were stimulated in vitro with IC, and simultaneously treated with iBET or DMSO respectively (Figure 6D and Supplementary Figure 7A). An equal mixture of iBET and control DCs (Supplementary Figure 7B) were administered subcutaneously to wild-type mice, and the number of DCs reaching draining lymph nodes quantified. We observed a significant reduction in the proportion of iBET-treated DCs reaching the draining lymph node compared with DMSO-treated DCs (Figures 6E, F).




Discussion

BET family proteins play an important role in controlling the transcription of proinflammatory and immunoregulatory genes (31), evidenced by the action of the BET protein inhibitor JQ1 in suppressing immune signalling gene networks with nodes converging on RELA-, JUN- and STAT1-mediated transcriptional responses (53). Here, we interrogated the effects of the bromodomain inhibitor iBET (GSK525762A) on macrophages and DCs and their responses to IgG IC, demonstrating attenuation of FcyR crosslinking-associated inflammatory gene expression (including those involved in NFκB signalling), and chemotaxis, but an enhancement of antigen internalisation. Bromodomain inhibitors have been shown to have marked anti-inflammatory effects in many models of autoimmune and inflammatory disease (32–35, 53, 54). Consistent with our findings, the BET protein BRD4 has been shown to be required for the complete trans-activation of RELA in proinflammatory NFκB signalling in other contexts (55). In inflammatory renal disease, inhibition of bromodomain proteins may reduce NFκB-mediated tissue damage (56). Further, BET protein inhibitors irreversibly suppressed the development of type I diabetes in NOD mice by promoting an anti-inflammatory phenotype in pancreatic macrophages, rather than infiltrating T cells, via modulation of the NFκB genes (54).

BET protein inhibition has also been showed to modulate JAK and STAT kinase-dependent inflammatory signalling. In human monocyte-derived macrophages, transcription of STAT targets downstream of cytokine stimulation, such as TNFα, interferon (IFN)-β and IFN-γ, were suppressed by BET inhibition, without affecting activation of the STAT protein itself (57). In a mouse model of non-alcoholic steatohepatitis, inhibition of BET proteins significantly reduces the expression of STAT1-dependent IFN-γ in liver tissue (58). Our transcriptomic data show that several cytokine pathways that rely on downstream JAK-STAT signalling were suppressed by treatment with iBET, including type I and II interferon, interleukin (IL)-2 and IL-6. Additionally, BET protein inhibition reduced IC-induced production of inflammatory cytokines in tissue-resident macrophages, which has also been previously shown in the context of LPS stimulation (35, 59), thus subduing an auto-inflammatory loop potentiated by autocrine cytokine signalling.

Importantly, we found that iBET reduces the expression of FcγRs that engage IgG IC in vitro and in vivo, with a greater effect on activating FcγRs versus the inhibitory FcγRIIb. The resulting shift in the A/I FcγR ratio on the surface of MNPs towards a more inhibitory state would be predicted to increase the activation threshold of MNPs encountering IgG-IC, potentially contributing to the attenuated change in gene expression observed in response to FcγR cross-linking. This suggests that iBET could limit inflammation by increasing macrophage activation thresholds, and in DCs, the FcγR A/I ratio has also been shown to control the magnitude of T cell activation (60).

Beyond effects on FcγR-induced inflammatory gene expression, our transcriptomic analysis also indicated that iBET may alter several additional MNP functions, including antigen internalisation and migration. Strikingly, we observed increased per cell uptake of soluble protein antigen, large, insoluble immune complex, and apoptotic cells in iBET-treated macrophages, the latter an established source of nuclear antigens contributing to pathogenic ICs in SLE (61). The effect of iBET in dampening activating FcyR and pro-inflammatory gene expression, combined with this increase in phagocytosis may well promote non-inflammatory clearance of ICs by tissue-resident MNPs. In DCs, where endo-phagocytic processes precede antigen processing and presentation, iBET may facilitate the clearance of IgG-opsonised antigens while preventing downstream activation and maturation, including co-stimulatory molecule expression (62, 63), which we observed were decreased in iBET-treated BMDC. Of note, our study did not probe the precise mode of antigen internalisation affected by iBET, which may be via endocytosis, fluid-phase pinocytosis or phagocytosis (64–69). This may be of interest for future study.

Our observations that iBET altered the ‘dendritic’ morphology of cells in culture mirrors observations in neurons reported previously (70). However, we additionally demonstrate that iBET inhibited DC chemotaxis and migration from skin to draining lymph nodes following IgG IC stimulation, important processes that enable autoantigens to be presented to CD4 T cells to propagate pathological responses. Of note, BRD4 has been described to be important in the movement of other cell types, including malignant cell metastases (71, 72). Our observations on the effects of iBET on MNP trafficking may also contribute to previously described effects in attenuating leucocyte accumulation in LPS-induced vascular and lung inflammation (73). Of note, abnormalities in monocytes and DCs have been observed in patients with lupus (74–77) and we have previously shown that engagement of activating FcγRs on tissue DCs by autoantibody-containing IC in lupus leads to the migration of DCs to draining lymph nodes (20). Furthermore, the lupus-associated polymorphism in human FCGR2B (rs1050501) (78) that results in receptor dysfunction (7, 8) is associated with increased CCR7 expression on DCs following IgG IC stimulation, driving enhanced migration to the T cell zone of lymph nodes, propagating autoimmunity and inflammation. Hence, iBET inhibition of IgG IC-driven DC migration may represent a useful therapy to break this pro-inflammatory feed-forward loop in antibody-mediated autoimmune diseases such as lupus. Future studies might also address the effects of iBET on monocyte migration and recruitment.

Despite the role of BET proteins in epigenetic regulation, epigenetic mechanisms underlying BET inhibitors and control of inflammation remain poorly characterised. In the context of TLR4 ligation, suppression of NFκB directed super-enhancer dependent pro-inflammatory gene transcription is thought to underlie anti-inflammatory effects observed. FcγR crosslinking is also known to induce epigenetic changes, where chromatin remodelling has been described to underlie IC-induced IL-10 secretion in macrophages (79) and contribute to dysregulated inflammatory responses in rheumatoid arthritis (80). However, more detailed investigation of the precise epigenetic changes associated with FcγR-driven inflammation is required to optimize the application of bromodomain inhibitors.

In conclusion, our study provides mechanistic insight into the potential therapeutic benefit of iBET in the setting of antibody-driven inflammation. We show that bromodomain inhibitors modulate IC driven MNP responses altering surface A/I FcγR ratios and reducing pro-inflammatory gene networks whilst increasing the phagocytosis of IC and apoptotic cells. Importantly, iBET inhibited DC chemotaxis and limited migration to lymph nodes, with potential pro-tolerogenic effects in reducing antigen presentation to CD4 T cells. Overall, our work emphasises the potential of modulating epigenetic processes for the treatment of IC-mediated autoimmune diseases.
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Supplementary Figure 1 | Supporting BMDM RNA-seq data. (A) Volcano plot demonstrating DEGs with iBET treatment at baseline conditions (Ovalbumin stimulation). (B) Gene set enrichment analysis (GSEA) of selected Hallmarks and KEGG pathways affected by IC stimulation and iBET treatment. Colour represents normalized enrichment score (NES), size represents FDR-q value; all FDR q-value < 0.05. (C) Venn diagram showing common DEGs affected by IC stimulation and iBET treatment. Effect of iBET refers to iBET vs DMSO treatment in ovalbumin or IC-stimulated BMDMs. Effect of IC refers to IC vs ovalbumin stimulation in iBET or DMSO control-treated BMDMs.

Supplementary Figure 2 | Supporting FcγR expression data. (A) Heatmap for Fcgr expression in BMDCs following iBET treatment, with Ova or Ova-IC stimulation. (B) Flow cytometry quantification and representative flow plot of FcγR expression on murine BMDMs treated with iBET. Means ± SEM shown for data representative of 2 independent experiments. (C) Flow cytometry quantification and representative flow plot of FcγR expression on murine peritoneal macrophages in vitro, following treatment with iBET. Means ± SEM shown for data representative of 3 independent experiments. (D) Representative flow plots from , FcγR expression on splenocytes in vivo. (E) Representative flow plots from , FcγR expression on human moMacs. Significance testing using one-way ANOVA test (B), and two-tailed Student’s t-test (C).

Supplementary Figure 3 | Supporting data for intraperitoneal immune complex peritonitis model. (A) Flow cytometry gating for peritoneal lavage. Mice were given immune-complexed Ova or Ova control by intraperitoneal injection and sacrificed 6 hours later with peritoneal lavage for quantification of inflammatory cell recruitment and assessment of phagocytosis. (B) Flow cytometry quantification of peritoneal lavage cell composition. (C) Flow cytometry quantification of peritoneal dendritic cell phagocytosis following iBET treatment. (D) Time-course of DQ-Ova-IC degradation by murine BMDMs following iBET treatment. Data in (A-C) show medians representative of 3 independent experiments, points represent individual mice. Relative values to untreated Ova-IC stimulated mice reported due to interexperimental variation in Ova-AF647 fluorescence. Significance testing using Mann-Whitney U test.

Supplementary Figure 4 | Supporting data for intravenous immune complex administration to assess effect of iBET on kidney MNPs. (A) Flow cytometry gating for kidney MNPs. Mice were given immune-complexed Ova or Ova control by intravenous injection and sacrificed 1 hour later with renal tissue processed for assessment. (B) Flow cytometry quantification of frequency of renal macrophage populations. (C, D) Flow cytometry quantification of frequency of phagocytic renal macrophages (C), and phagocytic index (D), following iBET treatment. All data show medians representative of 2 independent experiments, points represent individual mice. Frequency of renal macrophage populations are normalised to the mean of population counts in control kidneys (no IC/iBET). (E) Treatment with iBET does not affect cell viability. Means ± SEM shown for data representative of 3 independent experiments. Significance testing using Mann-Whitney U test (B-D) and one way ANOVA test (E).

Supplementary Figure 5 | Supporting BMDC migration data in vitro. (A) Volcano plots demonstrating DEGs stimulated by Ova-IC, in the absence and presence of iBET, in murine BMDCs. (Adjusted P-value cut-off = 10e-6.) Venn diagram shows overlapping DEGs induced by IC stimulation in presence or absence of iBET treatment. (B) Volcano plot demonstrating DEGs with iBET treatment at baseline conditions (Ovalbumin stimulation). (C) GSEA of selected KEGG pathways affected by iBET stimulation, without and without IC stimulation, in murine bone marrow derived dendritic cells (BMDC). All FDR q-value < 0.05. (D) GSEA for gene expression signatures representative of migratory DCs, from scRNAseq data, following iBET treatment, in murine BMDCs. Gene signatures derived from GEO: GSE131957 and GSE137710. (E) Heat map of murine chemokine receptor gene expression. (F) Additional parameters from chemotaxis parameters of Ova-IC stimulated BMDCs in collagen matrix with or without a 500ng CCL-19 gradient. Means ± SEM shown for data representative of 2 independent experiments, including at least 180 tracked BMDCs for each condition. Significance testing using Student’s t-test.

Supplementary Figure 6 | Supporting data for BMDC migration by FITC painting. (A) Flow cytometry gating of draining lymph nodes from FITC paint model. (B) Data from , with y-axis presented in log-scale.

Supplementary Figure 7 | Supporting data for BMDC migration by fluorescent BMDC transfer. (A) Flow cytometry gating of draining lymph nodes from fluorescent BMDC transfer model. (B) Flow cytometry of murine BMDCs pre-transfer, showing CFP and GFP fluorescence.



References

1. Madhok, R, and Wu, O. Systemic Lupus Erythematosus. BMJ Clin Evid (2007) 2007:929–39. doi: 10.1056/nejmra071297

2. Nimmerjahn, F, and Ravetch, J. Fc-Receptors as Regulators of Immunity. Adv Immunol (2007) 96:179–204. doi: 10.1016/S0065-2776(07)96005-8

3. Smith, KGC, and Clatworthy, MR. Fcγriib in Autoimmunity and Infection: Evolutionary and Therapeutic Implications. Nat Rev Immunol (2010) 10:328–43. doi: 10.1038/nri2762

4. Bolland, S, and Ravetch, JV. Spontaneous Autoimmune Disease in Fcγriib-Deficient Mice Results From Strain-Specific Epistasis. Immunity (2000) 13:277–85. doi: 10.1016/S1074-7613(00)00027-3

5. Brownlie, RJ, Lawlor, KE, Niederer, HA, Cutler, AJ, Xiang, Z, Clatworthy, MR, et al. Distinct Cell-Specific Control of Autoimmunity and Infection by Fcγriib. J Exp Med (2008) 205:883. doi: 10.1084/JEM.20072565

6. Boross, P, Arandhara, VL, Martin-Ramirez, J, Santiago-Raber, M-L, Carlucci, F, Flierman, R, et al. The Inhibiting Fc Receptor for IgG, Fcγriib, Is a Modifier of Autoimmune Susceptibility. J Immunol (2011) 187:1304–13. doi: 10.4049/jimmunol.1101194

7. Floto, RA, Clatworthy, MR, Heilbronn, KR, Rosner, DR, MacAry, PA, Rankin, A, et al. Loss of Function of a Lupus-Associated Fcγriib Polymorphism Through Exclusion From Lipid Rafts. Nat Med (2005) 11:1056–8. doi: 10.1038/nm1288

8. Kono, H, Kyogoku, C, Suzuki, T, Tsuchiya, N, Honda, H, Yamamoto, K, et al. FcgammaRIIB Ile232Thr Transmembrane Polymorphism Associated With Human Systemic Lupus Erythematosus Decreases Affinity to Lipid Rafts and Attenuates Inhibitory Effects on B Cell Receptor Signaling. Hum Mol Genet (2005) 14:2881–92. doi: 10.1093/HMG/DDI320

9. Itano, AA, McSorley, SJ, Reinhardt, RL, Ehst, BD, Ingulli, E, Rudensky, AY, et al. Distinct Dendritic Cell Populations Sequentially Present Antigen to CD4 T Cells and Stimulate Different Aspects of Cell-Mediated Immunity. Immunity (2003) 19:47–57. doi: 10.1016/S1074-7613(03)00175-4

10. Banchereau, J, and Steinman, RM. Dendritic Cells and the Control of Immunity. Nature (1998) 392:245–52. doi: 10.1038/32588

11. Inaba, K, Turley, S, Yamaide, F, Iyoda, T, Mahnke, K, Inaba, M, et al. Efficient Presentation of Phagocytosed Cellular Fragments on the Major Histocompatibility Complex Class II Products of Dendritic Cells. J Exp Med (1998) 188:2163. doi: 10.1084/JEM.188.11.2163

12. Roche, PA, and Furuta, K. The Ins and Outs of MHC Class II-Mediated Antigen Processing and Presentation. Nat Rev Immunol (2015) 15:203–16. doi: 10.1038/nri3818

13. Clatworthy, MR, and Smith, KGC. Fcγriib Balances Efficient Pathogen Clearance and the Cytokine-Mediated Consequences of Sepsis. J Exp Med (2004) 199:717–23. doi: 10.1084/jem.20032197

14. Roake, JA, Rao, AS, Morris, PJ, Larsen, CP, Hankins, DF, and Austyn, JM. Dendritic Cell Loss From Nonlyrnphoid Tissues After Systemic Administration of Lipopolysaccharide, Tumor Necrosis Factor, and Interleukin 1. J Exp Med (1995) 181:2237–47. doi: 10.1084/jem.181.6.2237

15. Reis E Sousa, C. Dendritic Cells in a Mature Age. Nat Rev Immunol (2006) 6:476–83. doi: 10.1038/nri1845

16. Randolph, GJ, Angeli, V, and Swartz, MA. Dendritic-Cell Trafficking to Lymph Nodes Through Lymphatic Vessels. Nat Rev Immunol (2005) 5:617–28. doi: 10.1038/nri1670

17. Cyster, JG. Chemokines and the Homing of Dendritic Cells to the T Cell Areas of Lymphoid Organs. J Exp Med (1999) 189:447–50. doi: 10.1084/jem.189.3.447

18. Förster, R, Schubel, A, Breitfeld, D, Kremmer, E, Renner-Müller, I, Wolf, E, et al. CCR7 Coordinates the Primary Immune Response by Establishing Functional Microenvironments in Secondary Lymphoid Organs. Cell (1999) 99:23–33. doi: 10.1016/S0092-8674(00)80059-8

19. Sallusto, F, Schaerli, P, Loetscher, P, Schaniel, C, Lenig, D, Mackay, CR, et al. Rapid and Coordinated Switch in Chemokine Receptor Expression During Dendritic Cell Maturation. Eur J Immunol (1998) 28:2760–9. doi: 10.1002/(SICI)1521-4141(199809)28:09<2760::AID-IMMU2760>3.0.CO;2-N

20. Clatworthy, MR, Aronin, CEP, Mathews, RJ, Morgan, NY, Smith, KGC, and Germain, RN. Immune Complexes Stimulate CCR7-Dependent Dendritic Cell Migration to Lymph Nodes. Nat Med (2014) 20:1458–63. doi: 10.1038/nm.3709

21. Scheinecker, C, Zwölfer, B, Köller, M, Männer, G, and Smolen, JS. Alterations of Dendritic Cells in Systemic Lupus Erythematosus: Phenotypic and Functional Deficiencies. Arthritis Rheum (2001) 44:856–65. doi: 10.1002/1529-0131(200104)44:4<856::AID-ANR142>3.0.CO;2-A

22. Gerl, V, Lischka, A, Panne, D, Großmann, P, Berthold, R, Hoyer, BF, et al. Blood Dendritic Cells in Systemic Lupus Erythematosus Exhibit Altered Activation State and Chemokine Receptor Function. Ann Rheum Dis (2010) 69:1370–7. doi: 10.1136/ARD.2009.111021

23. Junker, F, Gordon, J, and Qureshi, O. Fc Gamma Receptors and Their Role in Antigen Uptake, Presentation, and T Cell Activation. Front Immunol (2020) 11:1393. doi: 10.3389/fimmu.2020.01393

24. LeRoy, G, Rickards, B, and Flint, SJ. The Double Bromodomain Proteins Brd2 and Brd3 Couple Histone Acetylation to Transcription. Mol Cell (2008) 30:51–60. doi: 10.1016/j.molcel.2008.01.018

25. Fujisawa, T, and Filippakopoulos, P. Functions of Bromodomain-Containing Proteins and Their Roles in Homeostasis and Cancer. Nat Rev Mol Cell Biol (2017) 18:246–62. doi: 10.1038/nrm.2016.143

26. Prinjha, RK, Witherington, J, and Lee, K. Place Your BETs: The Therapeutic Potential of Bromodomains. Trends Pharmacol Sci (2012) 33:146–53. doi: 10.1016/j.tips.2011.12.002

27. Filippakopoulos, P, and Knapp, S. Next-Generation Epigenetic Inhibitors. Sci (1979) (2020) 368:367–8. doi: 10.1126/science.abb5060

28. Sun, Y, Han, J, Wang, Z, Li, X, Sun, Y, and Hu, Z. Safety and Efficacy of Bromodomain and Extra-Terminal Inhibitors for the Treatment of Hematological Malignancies and Solid Tumors: A Systematic Study of Clinical Trials. Front Pharmacol (2021) 11:621093. doi: 10.3389/fphar.2020.621093

29. Seal, J, Lamotte, Y, Donche, F, Bouillot, A, Mirguet, O, Gellibert, F, et al. Identification of a Novel Series of BET Family Bromodomain Inhibitors: Binding Mode and Profile of I-BET151 (GSK1210151A). Bioorg Med Chem Lett (2012) 22:2968–72. doi: 10.1016/J.BMCL.2012.02.041

30. Dawson, MA, Prinjha, RK, Dittmann, A, Giotopoulos, G, Bantscheff, M, Chan, WI, et al. Inhibition of BET Recruitment to Chromatin as an Effective Treatment for MLL-Fusion Leukaemia. Nature (2011) 478:529–33. doi: 10.1038/NATURE10509

31. Wang, N, Wu, R, Tang, D, and Kang, R. The BET Family in Immunity and Disease. Signal Trans Target Ther (2021) 6:1–22. doi: 10.1038/s41392-020-00384-4

32. Bandukwala, HS, Gagnon, J, Togher, S, Greenbaum, JA, Lamperti, ED, Parr, NJ, et al. Selective Inhibition of CD4+ T-Cell Cytokine Production and Autoimmunity by BET Protein and C-Myc Inhibitors. Proc Natl Acad Sci (2012) 109:14532–7. doi: 10.1073/PNAS.1212264109

33. Mele, DA, Salmeron, A, Ghosh, S, Huang, HR, Bryant, BM, and Lora, JM. BET Bromodomain Inhibition Suppresses TH17-Mediated Pathology. J Exp Med (2013) 210:2181–90. doi: 10.1084/jem.20130376

34. Nicodeme, E, Jeffrey, KL, Schaefer, U, Beinke, S, Dewell, S, Chung, CW, et al. Suppression of Inflammation by a Synthetic Histone Mimic. Nature (2010) 468:1119–23. doi: 10.1038/nature09589

35. Belkina, AC, Nikolajczyk, BS, and Denis, GV. BET Protein Function Is Required for Inflammation: Brd2 Genetic Disruption and BET Inhibitor JQ1 Impair Mouse Macrophage Inflammatory Responses. J Immunol (2013) 190:3670–8. doi: 10.4049/jimmunol.1202838

36. Maier, B, Leader, AM, Chen, ST, Tung, N, Chang, C, LeBerichel, J, et al. A Conserved Dendritic-Cell Regulatory Program Limits Antitumour Immunity. Nature (2020) 580:257–62. doi: 10.1038/s41586-020-2134-y

37. Brown, CC, Gudjonson, H, Pritykin, Y, Leslie, C, Pe’er, D, and Rudensky, AY. Transcriptional Basis of Mouse and Human Dendritic Cell Heterogeneity In Brief Single-Cell Analyses of Dendritic Cells Reveals New Subsets With Distinct Pro-And Anti-Inflammatory Potential. Cell (2019) 179:846–63. doi: 10.1016/j.cell.2019.09.035

38. Licht, R, Jacobs, CWM, Tax, WJM, and Berden, JHM. An Assay for the Quantitative Measurement of In Vitro Phagocytosis of Early Apoptotic Thymocytes by Murine Resident Peritoneal Macrophages. J Immunol Methods (1999) 223:237–48. doi: 10.1016/S0022-1759(98)00212-9

39. Haessler, U, Pisano, M, Wu, M, and Swartz, MA. Dendritic Cell Chemotaxis in 3D Under Defined Chemokine Gradients Reveals Differential Response to Ligands CCL21 and CCL19. Proc Natl Acad Sci USA (2011) 108:5614–9. doi: 10.1073/pnas.1014920108

40. Tal, O, Lim, HY, Gurevich, I, Milo, I, Shipony, Z, Ng, LG, et al. DC Mobilization From the Skin Requires Docking to Immobilized CCL21 on Lymphatic Endothelium and Intralymphatic Crawling. J Exp Med (2011) 208:2141–53. doi: 10.1084/jem.20102392

41. Zinselmeyer, BH, Lynch, JN, Zhang, X, Aoshi, T, and Miller, MJ. Video-Rate Two-Photon Imaging of Mouse Footpad - A Promising Model for Studying Leukocyte Recruitment Dynamics During Inflammation. Inflammation Res (2008) 57:93–6. doi: 10.1007/s00011-007-7195-y

42. Robbiani, D, FInch, R, Jäger, D, Muller, W, Sartorelli, A, and Randolph, G. The Leukotriene C4 Transporter MRP1 Regulates CCL19 (MIP-3β, ELC)-Dependent Mobilization of Dendritic Cells to Lymph Nodes. Cell (2000) 103:757–68. doi: 10.1016/S0092-8674(00)00179-3

43. Dalby, E, Christensen, SM, Wang, J, Hamidzadeh, K, Chandrasekaran, P, Hughitt, VK, et al. Immune Complex–Driven Generation of Human Macrophages With Anti-Inflammatory and Growth-Promoting Activity. J Immunol (2020) 205:102–12. doi: 10.4049/jimmunol.1901382

44. Kibbie, J, Teles, RMB, Wang, Z, Hong, P, Montoya, D, Krutzik, S, et al. Jagged1 Instructs Macrophage Differentiation in Leprosy. PloS Pathog (2016) 12:e1005808. doi: 10.1371/JOURNAL.PPAT.1005808

45. Munoz, LE, Gaipl, US, Franz, S, Sheriff, A, Voll, RE, Kalden, JR, et al. SLE - A Disease of Clearance Deficiency? Rheumatology (2005) 44:1101–7. doi: 10.1093/rheumatology/keh693

46. Gaipl, US, Munoz, LE, Grossmayer, G, Lauber, K, Franz, S, Sarter, K, et al. Clearance Deficiency and Systemic Lupus Erythematosus (SLE). J Auto (2007) 28:114–21. doi: 10.1016/J.JAUT.2007.02.005

47. Schulz, C, Perdiguero, EG, Chorro, L, Szabo-Rogers, H, Cagnard, N, Kierdorf, K, et al. A Lineage of Myeloid Cells Independent of Myb and Hematopoietic Stem Cells. Sci (1979) (2012) 335:86–90. doi: 10.1126/science.1219179

48. Berry, MR, Mathews, RJ, Ferdinand, JR, Jing, C, Loudon, KW, Wlodek, E, et al. Renal Sodium Gradient Orchestrates a Dynamic Antibacterial Defense Zone. Cell (2017) 170:860–74.e19. doi: 10.1016/j.cell.2017.07.022

49. Jing, C, Castro-Dopico, T, Richoz, N, Tuong, ZK, Ferdinand, JR, Lok, LSC, et al. Macrophage Metabolic Reprogramming Presents a Therapeutic Target in Lupus Nephritis. Proc Natl Acad Sci USA (2020) 117:15160–71. doi: 10.1073/pnas.2000943117

50. Harada, Y, Tanaka, Y, Terasawa, M, Pieczyk, M, Habiro, K, Katakai, T, et al. DOCK8 is a Cdc42 Activator Critical for Interstitial Dendritic Cell Migration During Immune Responses. Blood (2012) 119:4451–61. doi: 10.1182/blood-2012-01-407098

51. Bakdash, G, Sittig, SP, van Dijk, T, Figdor, CG, and de Vries, IJM. The Nature of Activatory and Tolerogenic Dendritic Cell-Derived Signal Ii. Front Immunol (2013) 0:53. doi: 10.3389/FIMMU.2013.00053

52. Petrie Aronin, CE, Zhao, YM, Yoon, JS, Morgan, NY, Prüstel, T, Germain, RN, et al. Migrating Myeloid Cells Sense Temporal Dynamics of Chemoattractant Concentrations. Immunity (2017) 47:862–74.e3. doi: 10.1016/j.immuni.2017.10.020

53. Duan, Q, McMahon, S, Anand, P, Shah, H, Thomas, S, Salunga, HT, et al. BET Bromodomain Inhibition Suppresses Innate Inflammatory and Profibrotic Transcriptional Networks in Heart Failure. Sci Trans Med (2017) 9(390). doi: 10.1126/scitranslmed.aah5084

54. Fu, W, Farache, J, Clardy, SM, Hattori, K, Mander, P, Lee, K, et al. Epigenetic Modulation of Type-1 Diabetes via a Dual Effect on Pancreatic Macrophages and β Cells. Elife (2014) 3:1–20. doi: 10.7554/eLife.04631

55. Huang, B, Yang, X-D, Zhou, M-M, Ozato, K, and Chen, L-F. Brd4 Coactivates Transcriptional Activation of NF-κb via Specific Binding to Acetylated RelA. Mol Cell Biol (2009) 29:1375–87. doi: 10.1128/mcb.01365-08

56. Morgado-Pascual, JL, Rayego-Mateos, S, Tejedor, L, Suarez-Alvarez, B, and Ruiz-Ortega, M. Bromodomain and Extraterminal Proteins as Novel Epigenetic Targets for Renal Diseases. Front Pharmacol (2019) 10:1315. doi: 10.3389/fphar.2019.01315

57. Chan, CH, Fang, C, Qiao, Y, Yarilina, A, Prinjha, RK, and Ivashkiv, LB. BET Bromodomain Inhibition Suppresses Transcriptional Responses to Cytokine-Jak-STAT Signaling in a Gene-Specific Manner in Human Monocytes. Eur J Immunol (2015) 45:287–97. doi: 10.1002/eji.201444862

58. Middleton, SA, Rajpal, N, Cutler, L, Mander, P, Rioja, I, Prinjha, RK, et al. BET Inhibition Improves NASH and Liver Fibrosis. Sci Rep (2018) 8:17257. doi: 10.1038/s41598-018-35653-4

59. Jung, KH, Das, A, Chai, JC, Kim, SH, Morya, N, Park, KS, et al. RNA Sequencing Reveals Distinct Mechanisms Underlying BET Inhibitor JQ1-Mediated Modulation of the LPS-Induced Activation of BV-2 Microglial Cells. J Neuroinflamm (2015) 12:1–18. doi: 10.1186/S12974-015-0260-5

60. van Montfoort, N, ‘t Hoen, PAC, Mangsbo, SM, Camps, MGM, Boross, P, Melief, CJM, et al. Fcγ Receptor IIb Strongly Regulates Fcγ Receptor-Facilitated T Cell Activation by Dendritic Cells. J Immunol (2012) 189:92–101. doi: 10.4049/jimmunol.1103703

61. Mũoz, LE, Lauber, K, Schiller, M, Manfredi, AA, and Herrmann, M. The Role of Defective Clearance of Apoptotic Cells in Systemic Autoimmunity. Nat Rev Rheumatol (2010) 6:280–9. doi: 10.1038/nrrheum.2010.46

62. Schilderink, R, Bell, M, Reginato, E, Patten, C, Rioja, I, Hilbers, FW, et al. BET Bromodomain Inhibition Reduces Maturation and Enhances Tolerogenic Properties of Human and Mouse Dendritic Cells. Mol Immunol (2016) 79:66–76. doi: 10.1016/J.MOLIMM.2016.09.010

63. Toniolo, PA, Liu, S, Yeh, JE, Moraes-Vieira, PM, Walker, SR, Vafaizadeh, V, et al. Inhibiting STAT5 by the BET Bromodomain Inhibitor JQ1 Disrupts Human Dendritic Cell Maturation. J Immunol (2015) 194:3180–90. doi: 10.4049/JIMMUNOL.1401635

64. Sallusto, F, Cella, M, Danieli, C, and Lanzavecchia, A. Dendritic Cells Use Macropinocytosis and the Mannose Receptor to Concentrate Macromolecules in the Major Histocompatibility Complex Class II Compartment: Downregulation by Cytokines and Bacterial Products. J Exp Med (1995) 182:389–400. doi: 10.1084/JEM.182.2.389

65. Lim, JP, and Gleeson, PA. Macropinocytosis: An Endocytic Pathway for Internalising Large Gulps. Immunol Cell Biol (2011) 89:836–43. doi: 10.1038/ICB.2011.20

66. Burgdorf, S, and Kurts, C. Endocytosis Mechanisms and the Cell Biology of Antigen Presentation. Curr Opin Immunol (2008) 20:89–95. doi: 10.1016/J.COI.2007.12.002

67. Norbury, CC, Chambers, BJ, Prescott, AR, Ljunggren, HG, and Watts, C. Constitutive Macropinocytosis Allows TAP-Dependent Major Histocompatibility Compex Class I Presentation of Exogenous Soluble Antigen by Bone Marrow-Derived Dendritic Cells. Eur J Immunol (1997) 27:280–8. doi: 10.1002/EJI.1830270141

68. Stuart, LM, and Ezekowitz, RAB. Phagocytosis: Elegant Complexity. Immunity (2005) 22:539–50. doi: 10.1016/J.IMMUNI.2005.05.002

69. Sallusto, F, and Lanzavecchi, A. Efficient Presentation of Soluble Antigen by Cultured Human Dendritic Cells is Maintained by Granulocyte/Macrophage Colony-Stimulating Factor Plus Interleukin 4 and Downregulated by Tumor Necrosis Factor Alpha. J Exp Med (1994) 179:1109–18. doi: 10.1084/JEM.179.4.1109

70. Bagley, JA, Yan, Z, Zhang, W, Wildonger, J, Jan, LY, and Jan, YN. Double-Bromo and Extraterminal (BET) Domain Proteins Regulate Dendrite Morphology and Mechanosensory Function. Genes Dev (2014) 28:1940–56. doi: 10.1101/gad.239962.114

71. Andrieu, G, Tran, AH, Strissel, KJ, and Denis, GV. BRD4 Regulates Breast Cancer Dissemination Through Jagged1/Notch1 Signaling. Cancer Res (2016) 76:6555–67. doi: 10.1158/0008-5472.CAN-16-0559

72. Wang, L, Wu, X, Wang, R, Yang, C, Li, Z, Wang, C, et al. BRD4 Inhibition Suppresses Cell Growth, Migration and Invasion of Salivary Adenoid Cystic Carcinoma. Biol Res (2017) 50:19. doi: 10.1186/s40659-017-0124-9

73. Huang, M, Zeng, S, Zou, Y, Shi, M, Qiu, Q, Xiao, Y, et al. The Suppression of Bromodomain and Extra-Terminal Domain Inhibits Vascular Inflammation by Blocking NF-κb and MAPK Activation. Br J Pharmacol (2017) 174:101–15. doi: 10.1111/bph.13657

74. Blanco, P, Palucka, AK, Gill, M, Pascual, V, and Banchereau, J. Induction of Dendritic Cell Differentiation by IFN-α in Systemic Lupus Erythematosus. Sci (1979) (2001) 294:1540–3. doi: 10.1126/science.1064890

75. Decker, P, Kötter, I, Klein, R, Berner, B, and Rammensee, HG. Monocyte-Derived Dendritic Cells Over-Express CD86 in Patients With Systemic Lupus Erythematosus. Rheumatology (2006) 45:1087–95. doi: 10.1093/rheumatology/kel061

76. Ding, D, Mehta, H, McCune, WJ, and Kaplan, MJ. Aberrant Phenotype and Function of Myeloid Dendritic Cells in Systemic Lupus Erythematosus. J Immunol (2006) 177:5878–89. doi: 10.4049/jimmunol.177.9.5878

77. Crispín, JC, Vargas-Rojas, MI, Monsiváis-Urenda, A, and Alcocer-Varela, J. Phenotype and Function of Dendritic Cells of Patients With Systemic Lupus Erythematosus. Clin Immunol (2012) 143:45–50. doi: 10.1016/j.clim.2011.12.004

78. Willcocks, LC, Carr, EJ, Niederer, HA, Rayner, TF, Williams, TN, Yang, W, et al. A Defunctioning Polymorphism in FCGR2B is Associated With Protection Against Malaria But Susceptibility to Systemic Lupus Erythematosus. Proc Natl Acad Sci USA (2010) 107:7881–5. doi: 10.1073/pnas.0915133107

79. Lucas, M, Zhang, X, Prasanna, V, and Mosser, DM. ERK Activation Following Macrophage Fcγr Ligation Leads to Chromatin Modifications at the IL-10 Locus. J Immunol (2005) 175:469–77. doi: 10.4049/jimmunol.175.1.469

80. Zhong, Q, Gong, F-Y, Gong, Z, Hua, S-H, Zeng, K-Q, and Gao, X-M. IgG Immunocomplexes Sensitize Human Monocytes for Inflammatory Hyperactivity via Transcriptomic and Epigenetic Reprogramming in Rheumatoid Arthritis. J Immunol (2018) 200:3913–25. doi: 10.4049/jimmunol.1701756




Conflict of Interest: Author NS and RP are employees of and shareholders in GlaxoSmithKline (GSK). This study received funding from GSK. GSK had the following involvement with the study: funded RNA sequencing.

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.

Copyright © 2022 Banham, Lee, Ferdinand, Matthews, Jing, Smithers, Prinjha and Clatworthy. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-13-885101-g005.jpg
—
)
£
o
o
-
.

o
+

— —
+

:

— b - e 2 8 sho
° v e & - ogo g g 3 8 gho ] S s s =g
e S S © oS of
(unwywn) yBus) soesl (s/wn) ueaw paads xoei]
. Pt |+ - .
S_”
x b4 &
" . i ".mmﬁnm.. i +
* : 3 i i
; {- | "I '}
2 2
= S A — =
@ ] -~ ° B B < o W o
jm J ¥ = >
(unwywin) @ e 3 S S S _n.ru_ e (uiwwn) Q=
Juswaoe|dsIp Yorl] (s/wn) xew paads 3oe1| JusWaoe(dSIp Yoel]
o [a]

Ova-IC

Ova

|oJ3u0d 3/8wog |043u0d . 3/8wog
JU3A|0S 1341 uaAjos 134!





OEBPS/Images/fimmu-13-885101-g002.jpg
8 —
g 5,
£ :
° 3 < e
% 2w, — g 2 —
g Sg . g
g 22 e T
= £ 2 L 21
g > 5
S -2
S0 0
Ova Ova-IC ova Ova-Ic
80 iy 8 4000 — 8000 —_— R
3
§ 5 5
o 60 £ 3000 £ o000 El
% 3 £ g — No thymocytes
8 i e 2
S 40 £ 2000 % 4000 S5 — DMSO + thymocytes
s 2 ) 8 — BET (0.5 pM)
2 5 ‘E o0 & 2000 g +thymocytes
0 6 o 0
DMSO  iBET DMSO  iBET DMSO  iBET Cell tracker orange
i NS
100 “ o
~ (2]
5 12 2
< 80 @ x B
26 g 10 g2
£ S 5
£ § 60 w 8 o8
53 = 28
82 4 2 ° 8o
-3 2 ge
® 2 4 =
£ k] £
& 20 ko] o>
r 2 5
0 0 =
iBET (mgkg) 0 0 30 30 iBET (mgkg) 0 0 30 30 iBET (mg/kg) 0 0 30 30

IPinjection Ova Ova-lC Ova Ovalc [Pinjecon Ova OvaIC Ova OvaC  IPinjecon Ova Ova-iC Ova Ova-lC

xn - - .
— ——
arn xr o v
6y F— ——
.
5 5° .t 5
22 EB 4 © 3
=0 = o 22
2e 2g, 2 g
sq £2 3<
] ]
2z g2 £2
[ E . €
0
iBET (mg/kg) 0 0 30 30 iBET (mg/kg) 0 0 30 30 iBET (mgkg) 0 30

IV injection  Ova Ova-IC  Ova Ova-IC  IVinjecton Ova Ova-IC  Ova Ova-IC IVinjection Ova Ova-IC  Ova Ova-IC





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Bromodomain Inhibitors Modulate FcγR-Mediated Mononuclear Phagocyte Activation and Chemotaxis

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Mice

          



          		

            iBET

          



          		

            Immune Complexes

          



          		

            Culture of Mononuclear Phagocytes

          



          		

            RNA Extraction and RNAseq Sample Preparation

          



          		

            RNA-Sequencing

          



          		

            Quantitative Polymerase Chain Reaction

          



          		

            Flow Cytometry

          



          		

            Confocal Microscopy

          



          		

            Phagocytosis of Apoptotic Cells

          



          		

            In Vivo Immune Complex Peritonitis Model for Phagocytosis

          



          		

            In Vivo Kidney MNP Stimulation Assay for Phagocytosis

          



          		

            In Vitro 3D Chemotaxis Assay

          



          		

            In Vivo Migration Assay: Intravital Imagine of Dermal DCs by Two Photon Microscopy

          



          		

            In Vivo Migration Assay: FITC Paint Model

          



          		

            Image Analysis for Chemotaxis and Migration Assays

          



          		

            BMDC Transfer Model

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            iBET Variably Inhibits FcγR Cross-Linking-Associated Transcriptional Changes in MNPs

          



          		

            iBET Increases Macrophage Phagocytosis

          



          		

            iBET Alters MNP Morphology and Adhesion

          



          		

            iBET Limits Chemokine-Directed and IC-Induced DC Chemotaxis

          



          		

            iBET Impairs IC-Stimulated DC Migration Towards Lymph Nodes

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2022.885101_cover.jpg
’ frontiers ‘ Frontiers in Immunology

Bromodomain Inhibitors Modulate
FcyR-Mediated Mononuclear
Phagocyte Activation and
Chemotaxis





OEBPS/Images/fimmu-13-885101-g006.jpg
Draining lymph node CD3- CD19-
Solvent control iBET
1.56%

NS

FITC+ MHCII+ CD11c+

e
$8
To
Sa
xS
G g 400
I3
38
o8
[
]
e

LN Dr Dr ND ND

FITC+ MHCII+ CD11c+ EPCAM+
(cells per LN)

FITC+ MHCII+ CD11c+ CD103+
(cells per LN)

Time (hours)
., . o
DMSO Z p 8 Harvest
,/ draining and
2 non-draining
wash lymph nodes
0 0
Time (hours) Time (hours)
F
MHCII+ CD3- CD19-
-ve control +ve control Draining LN 1000

4 0.01% 0.08%

1=}
S

Number per
1000 MHCII+ cells
- >

GFPiBET

©

or
CFP DMSO

CFP DMSO GFPIBET





OEBPS/Images/fimmu-13-885101-g004.jpg
o
°

Enrichment score
S
N

NES =-5.62
20.4{ FDRquval.=0.00

OMFO 11

Migratory DC signature

mee e e o momliE

Rank in ordered differential expression dataset

Ova IC Ova
DMSO  DMSO

iBET

DMSO

Y

I-BET

Y

100pm

100um

Centre of
mass

DMSO no gradient
® iBET no gradient

Es—— [EE——

O DMSO CCL19 500ng
© iBET CCL19 500ng

IC
iBET

Track displacement x (um)

Tracklength (um)

0
BET@M) ©0 33 0
CCL19(ng) O 0 500

Sample
DMSO - Ova
DMSO -IC
1 IBET - Ova
IBET-IC

Interaction
padj <0.05
-1 [l padi > 0.05

2

20—
BET@M) 0 33 0 33

ccL19(ng) 0 0 500 500






OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-13-885101-g001.jpg
Ova IC pva . IC
C stim in DMSO (377 DEGs) C stim in iBET (181 DEGs) e g A 1 - 5

‘
|
[ ola
|
I
|

Tofaip2

IC Up

I

Jfa‘m

it
T

Rymi201
X ;E‘ ks

2 -1 0 1 2 3

c
3
Logy fold change = Log, fold change ——» 8§
UpinlIC UpinlC o
© NS © pvalue @ p-valueandlog, FC
_ D
iBET treatment on |IC-simulated BMDM GO terms unique to IBET+IC (1673)
LYSOSOME Direction enrichment Endosome to lysosome transport
ENDOCYTOSIS ® Postive Endosome organisation 4
RE GULATION OF ® Negtive » Apoptotic process
_ ACTINGITOSKELETON % Lysosome organisation {
3 PHAGOCYTOSIS & Phagosome maturation
® FoeRI SIGNALING -log10(FDR g-val) 3 Antigen processing and presentation
& CELLADHESION Positive regulation of type | IFN production
)
8 MOLECULES e 15 B: Response to IFNy
NLR SIGNALING @ 20 2 |FNB production
E CHEMOKINE SIGNALING . 25 8 Positive regulation of cytokine production
CYTOKINE CYTOKINE 4
RECEPTOR INTERACTION @ 30 T'E;Zpl’"selw ‘we"“ IFN
TLR SIGNALING . 35 Sanaing peftway
IL-1 signaling pathway
CELL CYCLE @ 20 2 4 S H 3 3
25 00 25 50 -log10(Fisher weight)
Normalised enrichment score
. . F
Ova stim IC stim « * * * *
DMSO iBET DMSO N LN e AN
[ ——] 15 Sampie
DMSO-Ova §
Fegrt 2
ogr 1 DMSO-IC 25
. 05 LJBET-Ova  Eo
= ’ iBET-IC E 2
0 k-4
Fegr3 Significance & ©
0.5 [[paci<oos
Fogrd padj>0.05
-1
Feert,
seng 15
H Human monocyte-derived
Mouse splenocytes in vivo macrophages in vitro
* 8 10000 200
- —
N 20 i § = DMSO
B 2 8000 o iBET
L 15 | = — =
a o 3
o oo 8 £ 6000
w . | %00 [a)
3 10 o & ° s
® e O L 2 4000
2 o o
T 05 2
° g 2000
0.0 0 § 0
B cell CD11c+ CD11b+ Bcell CD1fc+  CD11b+ D16 CD32A

MHCII+ or F4/80 MHCII+





OEBPS/Images/fimmu-13-885101-g003.jpg
2500 T 1.0
& 2000 ek 08 —
£ — oz NS
o 1500 g 06
-5 =
2 a
S 1000 2 04
4 3
o (8]
O 500 02
o 0.0 T
0 1 5 0 1 5
iBET (uM) IBET (uM)
D
—_—
80 NS NS
3 ——
g 60
g
§, 40
2
g
° 20
°
o
0
0 1 5
BET (uM)
o M
g 6000
E 2000 o
e ‘E
8 2
5 150 2 4000
8 3
g 1000 5]
? 3 2000
3 500 o
(s}
0 0
DMSO iBET DMSO iBET
10 o —
ey 300
09 2
z z
2 o8 £ 200
o g
s <
2 o7 2
8 5 100
0.6 o
@
8
0.5 0

DMSO iBET DMSO iBET





OEBPS/Images/M1.jpg





