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Here we show that soluble CD83 induces the resolution of inflammation in an antigen-induced arthritis (AIA) model. Joint swelling and the arthritis-related expression levels of IL-1β, IL-6, RANKL, MMP9, and OC-Stamp were strongly reduced, while Foxp3 was induced. In addition, we observed a significant inhibition of TRAP+ osteoclast formation, correlating with the reduced arthritic disease score. In contrast, cell-specific deletion of CD83 in human and murine precursor cells resulted in an enhanced formation of mature osteoclasts. RNA sequencing analyses, comparing sCD83- with mock treated cells, revealed a strong downregulation of osteoclastogenic factors, such as Oc-Stamp, Mmp9 and Nfatc1, Ctsk, and Trap. Concomitantly, transcripts typical for pro-resolving macrophages, e.g., Mrc1/2, Marco, Klf4, and Mertk, were upregulated. Interestingly, members of the metallothionein (MT) family, which have been associated with a reduced arthritic disease severity, were also highly induced by sCD83 in samples derived from RA patients. Finally, we elucidated the sCD83-induced signaling cascade downstream to its binding to the Toll-like receptor 4/(TLR4/MD2) receptor complex using CRISPR/Cas9-induced knockdowns of TLR4/MyD88/TRIF and MTs, revealing that sCD83 acts via the TRIF-signaling cascade. In conclusion, sCD83 represents a promising therapeutic approach to induce the resolution of inflammation and to prevent bone erosion in autoimmune arthritis.
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Introduction

Rheumatoid arthritis (RA) is an autoimmune disease affecting up to 1% of the world’s population, with a higher prevalence in women (1). Patients suffer from inflammation of the joints manifesting as swelling, pain, and stiffness (2). In the long term, chronic inflammation results in the degradation of cartilage and bone tissue and, if not treated properly, additional severe morbidities, such as cardiovascular disease (2). The pathogenesis of RA is multifactorial and complex, which relies on both genetic predisposition and environmental factors such as smoking and obesity (3). In the course of arthritis, RANKL is released by activated lymphocytes and promotes the formation of large multinucleated osteoclasts, which are responsible for the excessive bone resorption and systemic osteoporosis (4). The current treatment of RA primarily targets its signature cytokines TNF-α and IL-6, thereby suppressing inflammation (2, 5, 6). However, in contrast, therapeutic strategies that aim to resolve inflammation and modulate the differentiation of bone-resorbing osteoclasts during arthritis have not yet been in the focus of RA treatment.

In this respect, the soluble CD83 (sCD83) molecule represents a very interesting option since we and others have shown that sCD83 modulates autoimmune-mediated disorders and induces the resolution of inflammation, a prerequisite to guarantee a long-term cure for patients suffering from RA (7–10). The sCD83 molecule is composed of the extracellular domain of the membrane-bound mCD83 isoform, which is expressed on activated immune cells, including DCs, B and T cells as well as regulatory T cells, and is cleaved from the cell surface by a yet unknown mechanism (11–14). Interestingly, this immune modulatory molecule has been associated with arthritis since Hock et al. reported significantly increased levels of sCD83 in the synovial fluids of RA patients (15). However, its biological function and, in particular, its therapeutic potential remained unclear until our recent work, which unveil the inhibitory effects of sCD83 on arthritis (8).

Mechanistically, sCD83 mediates its protective effects via activating the enzymatic activity of indoleamin-2,3-dioxygenase (IDO) (16). The increased conversion of the amino acid tryptophan into kynurenine results in (i) impaired effector T cell differentiation and (ii) reduced survival due to tryptophan starvation (17). Concomitantly, kynurenine is a potent inducer of regulatory T cells, which are crucial for the resolution of inflammation and inhibiting osteoclast formation (17, 18). In the current project, we focused on the effect of sCD83 on inducing the resolution of inflammation and inhibiting osteoclast formation in established arthritis. We also explored by which signaling sCD83 promoted pro-resolving effects in arthritis and translated the findings to human by testing sCD83-inhibited osteoclastogenesis in patient-derived samples.



Materials and methods


Mice

Female C57BL/6 mice (6–8 weeks old) were purchased from Charles River Laboratories (Sulzfeld). For an “osteoclast-specific” deletion of CD83, we crossed CD83fl/fl mice, which were generated as previously described (12), with a Cx3cr1-Cre line [official name: STOCK Tg(Cx3cr1-cre)MW126Gsat/Mmucd], which was kindly provided by Prof. Krönke (Department of Medicine 3, University Hospital Erlangen, Erlangen, Germany). The mice were maintained under pathogen-free conditions according to the institutional and national guidelines for the care and use of laboratory animals. All studies were approved by the animal ethical committee of the government of Unterfranken, Würzburg.



Antigen-induced arthritis model

C57BL/6 mice were pre-immunized at day −21 and −14 by s.c. injection of 100 μl complete Freund’s adjuvant emulsion (Sigma-Aldrich) enriched with 10 μg/ml heat-killed Mycobacterium tuberculosis strain H37RA (Difco) and methylated bovine serum albumin (mBSA; Sigma-Aldrich) in a final concentration of 1 mg/ml. Along with the immunization, 200 ng Bordetella pertussis toxin (Quadratech) was administered intraperitoneally (i.p.) in 100 μl phosphate-buffered saline (PBS; Lonza). The effector phase was induced on day 0 by the intra-articular (i.a.) injection of 100 μg mBSA into the right knee of the anesthetized mice. The left knee was injected with PBS as an internal control. Flare-up reaction was induced by a second i.a. mBSA injection on day 7, analogous to the first i.a. injection, and 100 µg sCD83 or PBS (as non-treated controls) was administered systemically on days 8, 9, and 10 by i.p. injection. Knee joint swelling was assessed from the time of induction (day 0) up to day 17 using a JD 50 TOP caliper (Käfer Messuhrenfabrik) in a randomized and blinded manner. The maximum medial-to-lateral diameter was defined at the widest point of each knee joint. Knee joint swelling was calculated as the absolute difference to the knee joint diameter determined at baseline before arthritis induction and expressed as the percentage of knee joint swelling. The mice were euthanized by cervical dislocation on day 17.



Histological analyses and arthritic score

Bone tissue was fixed overnight in 10% formalin, decalcified for 2 h in Osteomoll (Merck), and embedded in paraffin. Paraffin sections (5 μm) were stained with Safranin O for the morphological evaluation of inflammatory cell influx, synovitis, cartilage degradation (proteoglycane content), and bone resorption. A score of 5 represents the highest score, while 0 represents a healthy score, without any histological abnormalities. Scoring was performed in a blinded fashion.



Micro-CT analysis

The hind limbs were isolated, fixed overnight in 10% formalin solution at 4°C (Sigma-Aldrich), and stored in 70% ethanol until μCT measurements. Imaging was performed using a dedicated preclinical scanner (Inveon, Siemens Healthineers) at a tube voltage of 80 kV and a tube current of 500 μA. Images were acquired with an isotropic resolution of 50.67 μm for measuring of mean density values within the femoral epiphyses and with 8.98 μm for high-resolution 3D surface reconstructions. For image analyses, 3D multiplanar reconstructions were generated using the freeware DICOM viewer Osirix (21), with a total of six regions of interest (ROI) placed in the femoral epiphysis of each animal (two in paraaxial, two in paracoronal, and two in parasagittal orientation). The target size of each ROI was 0.5 mm2. The mean density measures (Hounsfield units) of the six ROI were assessed and averaged for each animal. For 3D surface reconstructions, the Volume Rendering Technique included in the syngo.via package (version V20A, Siemens Healthineers) was used.



Osteoclastogenesis


Mouse-derived cells

Total bone marrow cells were isolated from C57BL/6 mice (7 weeks) by flushing the femur and tibia. Blood cells were lysed using 0.8% ammonium chloride for 5 min at 37°C. The cells were plated overnight in OC medium (αMEM + GlutaMAX-I (Gibco) + 10% fetal calf serum (FCS)/1% PS) supplemented with 5 ng/ml M-CSF (Peprotech). Non-adherent bone marrow-derived monocytes (BMMs) were collected, washed, and further cultured in OC medium supplemented with 20 ng/ml M-CSF and 20 ng/ml RANKL (Peprotech) in 96-well plates at a density of 1 × 106 cells/ml. The medium was changed on day 2. These cells were incubated daily with 25 μg/ml sCD83 from day 1 onwards. For experiments on the therapeutic potential of sCD83, 25 µg/ml sCD83 was only added on day 2 to the culture medium. At day 3, fully differentiated osteoclasts were washed with PBS and fixed with fixation buffer (25 ml citrate buffer + 65 ml acetone + 8 ml 37% PFA). Osteoclast differentiation into mature multinucleated TRAP+ cells (≥15 nuclei) was evaluated by TRAP staining using the leukocyte acid phosphatase kit 386A (Sigma-Aldrich) according to the manufacturer’s instructions. For RNA analyses, the cells were lysed in QIAGEN’s RLT PLUS buffer containing 1% β-mercaptoethanol.



Human-derived cells

Peripheral blood mononuclear cells (PBMCs) were either isolated from leukoreduction system chambers (LRSCs) from healthy donors or from blood samples of RA patients according to a published protocol (19). In total, 3 × 105 cells were plated in 100 µl adherence medium [αMEM + GlutaMAX-I (Gibco) + 1% FCS/1% PS] per well of a flat-bottomed 96-well plate for 90 min (5.5% CO2 and 37°C). Non-adherent cells were removed by flushing, and residual cells were cultured in 200 µl of OC medium [αMEM + GlutaMAX-I (Gibco) + 10% FCS/1% PS] supplemented with 30 ng/ml hu M-CSF (Peprotech), 10 ng/ml hu RANKL (Peprotech), and 1 ng/ml hu TGFβ (BioLegend) at 5.5% CO2 and 37°C. The OC medium was replaced on days 3 and 6. Moreover, 25 µg sCD83 or the corresponding volume of PBS was added on days 0, 3, 4, 5, and 6. On day 7, fully differentiated osteoclasts were processed analogously to the murine protocol for TRAP staining and RNA extraction.




Osteogenic induction of MSCs and staining of calcium nodules

Isolation of C57BL/6 mesenchymal stem cells (MSCs) was performed as described elsewhere (20), in accordance with the MSC minimal criteria (21). Cells were maintained in a growth medium [α-MEM with 100 U/ml penicillin and 100 µg/ml streptomycin (all Gibco) and 10% FCS [(Biochrome)]. For osteogenic induction, MSCs were plated in 35-mm cell culture dishes at a density of 3.800 cells/cm² and a volume of 2.5 ml. When the cells were 100% confluent, the medium was changed to mineralization medium [MSC growth medium, with 568 µM L-ascorbic acid 2-phosphate sesquimagnesium salt hydrate (Sigma-Aldrich) and 5 mM β-glycerol phosphate disodium salt pentahydrate (Calbiochem)]. The mineralization medium was supplemented with either sCD83 (25 and 10 µg/ml, as indicated), PBS (vehicle control), or no additional solvent (w/o) and changed every two days. Staining for calcium nodules with Alizarin Red was performed on day 9. For that, the cell culture medium was discarded, and the cells were fixed with 95% ethanol. The wells were then washed with deionized (DI) H2O, stained with 2% Alizarin Red solution (pH 4.2, Sigma-Aldrich) for 2 min, and repeatedly washed with DI H2O afterwards. Photographs of the wells were taken and analyzed with image analysis software (Adobe Photoshop CS6 version 13.0.1). The ratio of mineralized surface area in relation to the whole surface area was quantified as a measurement of osteoblastic mineralization activity.



CRISPR/Cas9-mediated gene knockout

The experimental procedure of CRISPR/Cas9-mediated knockout in human- and mouse-derived primary cells was adapted from Hiatt et al. (22) and Freund et al. (23). Briefly, PBMCs (human) or bone marrow cells were isolated and purified as described previously, and 1 × 106 MACS-sorted CD14+/CD16- monocytes (human; Classical Monocyte Isolation Kit; Miletnyi Biotec) or 1 × 106 non-adherent BMM cells (mouse) were used per nucleofection reaction. The cells were spun down at 300g for 10 min. The supernatant was completely removed, and the cells were resuspended in 20 μl/reaction of room-temperature primary nucleofection buffer P2 (Lonza) for human-derived samples and primary nucleofection buffer P3 (Lonza) for murine cells. The cell suspension was gently premixed with 5 μl reaction mixture containing 2 µl sgRNA (IDT) + 2 µl Alt-R® S.p. Cas9 Nuclease V3 (IDT) + 1 µl PBS per 1 × 106 cells and then pipetted into a 16-well-format nucleofection stripe for the Lonza 4D X unit or Shuttle unit (Lonza). Analogously, the control cells were nucleofected with the negative control sgRNA from the Alt-R® CRISPR-Cas9 Control Kit (mouse or human; IDT), respectively. The cassettes were nucleofected with code DK-100 for human-derived samples and CM-137 for murine cells. Immediately after nucleofection, the wells were filled up to 60 μl with pre-warmed αMEM for 5 min at 37°C. Subsequently, 1 × 106 cells were split into two wells of a 96-well flat-bottomed culture plate containing 170 µl of pre-warmed αMEM and kept for an additional 2 h at 37°C. Afterwards, αMEM was carefully exchanged for 200 µl of OC differentiation medium. The cells were further handled according to the corresponding osteclastogenesis protocol.



Evaluation of genome targeting efficiency using flow cytometry or T7 endonuclease

In order to determine the CRISPR/Cas9-mediated CD83-specific knockout efficiency on human-derived CD14+/CD16- cells, 1 × 106 of nucleofected cells were differentiated into dendritic cells, which highly express the CD83 molecule on their surface. The reason for the use of mature DCs to analyze the KO efficacy is that mature osteoclasts lose their CD83 surface expression and are thus not suitable. Briefly, nucleofected cells were allowed to adhere to plastic tissue culture plates (Falcon, Fischer Scientific, Germany) for 2 h at 37°C. Afterwards, the supernatant was removed carefully, and the wells were washed three times with pre-warmed RPMI 1640 (Lonza). The mononuclear cells were inoculated for 5 days in a medium consisting of RPMI 1640 (Lonza, Basel, Switzerland), supplemented with 1% (v/v) heat-inactivated human serum type AB (Sigma-Aldrich), 1% (v/v) penicillin streptomycin L-glutamine (Sigma-Aldrich), and 10 mM HEPES (Lonza) in the presence of 800 IU/ml (day 0) or 400 IU/ml (day 3) recombinant human GM-CSF and 250 IU/ml (days 0 and 3) recombinant human IL 4 (both from Miltenyi Biotec, Bergisch Gladbach, Germany). On day 4, the cells were matured with 100 ng/ml lipopolysaccharide (LPS; Sigma Aldrich) for 16 h. To assess the efficiency of CRISPR/Cas9-mediated knockdown on protein level, LPS-matured human mDCs were analyzed by FACS on day 5, regarding their CD83 cell surface expression, using a specific monoclonal antibody (CD83-PE, clone HB15e BioLegend) diluted in Dulbecco’s phosphate-buffered saline. For dead cell discrimination, 7-AAD viability staining solution (ThermoFisherScientific) was added to the mixture, and cells were incubated for 30 min at 4°C.

Regarding the CRISPR/Cas9-mediated knockdown of TLR4, MyD88, TRIF, and MT-1/MT-2, which are intracellular molecules or are internalized during the osteoclastogenesis process, targeting efficiency was determined using the T7 Endonuclease I assay according to the instructions of the manufacturer (New England Biolabs). Briefly, the DNA region around the CRISPR/Cas9-mediated double-strand break was PCR-amplified using specific primer pairs (Table 1), and the PCR product was further purified using Qiagen’s PCR-Purification Kit. In total, 200 ng DNA was initially denatured and allowed to form heteroduplexes during the cool-down. T7-Endonuclease I digestion was performed at 37°C for 15 min, and the samples were loaded onto 2% agarose gel for separation. Knockdown efficiency was assessed according to the band intensity of digested DNA heteroduplexes relatively to the naïve band intensity using ImageJ software.


Table 1 | Targeting sequences used for CRISPR/Cas9-mediated gene knockouts as predesigned by IDT’s guide RNA tool (first two columns) along with specific primers which were used in order to determine the knockout efficiency (last three columns, 5′ → 3′).





qPCR analyses

Total RNA was isolated from the synovial tissue of AIA mice or 2 × 106 cells from osteoclast cultures using RNeasy Plus Mini Kit (Qiagen) according to manufacturer’s protocol. In terms of CRISPR/Cas9-nucleofected samples, gDNA eliminator columns were not discarded, but DNA was eluted from the column membrane for the subsequent evaluation of knockout efficiency. An additional DNase digestion step was performed in order to remove residual DNA. cDNA synthesis was performed according to First Strand cDNA Synthesis Kit manual (Thermo Fisher Scientific). The PCR mixture contained 5 μl SsoAdvanced Universal SYBR Green Supermix (Biorad), 0.5 μl of 5′ and 3′ primer (forward and reverse, each at 1 μM), and 2.5 μl RNA reverse transcription product corresponding to 12.5 ng of cDNA. The reaction was adjusted to 10 μl with aqua ad iniectabilia (Braun). After an initial denaturation step at 95°C for 3 min, 45 cycles of denaturation (94°C for 15 s), annealing (61°C for 15 s), and extension (72°C for 15 s) were performed using Bio-Rad CFX96 Touch Real-Time PCR Detection System (Biorad). Gene expression was calculated relatively to the housekeeping gene Rpl4 (Ribosomal Protein L4) for the murine or Rpl13A (Ribosomal Protein 13A) for the human osteoclast experiments. The primer sequences are listed in Tables 1, 2.


Table 2 | Sequences of primer pairs (in 5′ to 3′ direction) used within the current work.





RNA sequencing experiments


RNA sequencing was performed by Novogene

Raw paired-end reads were aligned to the reference genome (GRCh38) using Rsubread (v. 2.6.4) (24) within R programming language (v. 4.1.1). Quantification was performed using feature Counts function from RSubread. Differential expression analysis was performed following the previously published pipeline (25) using DESeq2 (v 1.32.0) (26). g:Profiler web-tool (27) was used for the functional analysis of differentially expressed genes.




Statistical analyses

All data are expressed as mean ± SEM. Normal distribution was verified by Shapiro–Wilk test, and statistical significance was calculated using Student’s t-test for single comparison or Mann–Whitney U-test for nonparametric distribution. The grouped data were analyzed using one- or two-way ANOVA followed by Sidak’s multiple-comparison test. All calculations were performed using GraphPad Prism 8 (GraphPad). P-values <0.05 were considered significant. Asterisks mark the statistically significant differences (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001). The absence of asterisks indicates that there is no statistical significance.




Results


Therapeutic administration of sCD83 ameliorates arthritic symptoms and accelerates the resolution of inflammation

Based on our previous work, where sCD83 revealed a striking anti-arthritic potential in the AIA model when applied prophylactically during the immunization phase, we now assessed the therapeutic potential of sCD83 in inducing the resolution of arthritis (8). AIA was induced in female C57BL/6 mice, and the mice were rechallenged with a flare-up reaction by a second i.a. mBSA injection into the knee joints (28). Only during this late arthritic phase, sCD83 was applied therapeutically (100 µg/day/i.p.) on days 8, 9, and 10, which correlates with the peak of inflammation (Figure 1A). As depicted in Figure 1A (right-hand side), a significantly reduced joint swelling was observed on days 9 and 10, thus already one day after the first sCD83 application on day 8. Concomitantly, histological analyses of the joints of sCD83-treated animals revealed a significantly ameliorated arthritic score as visualized by Safranin O staining (Figure 1B). Although both groups have already faced a severe loss of cartilaginous and bone tissue in the course of the first arthritic phase, a prominent difference was observed regarding the influx of inflammatory cells (see Figure 1B, black circles). Since sCD83 was only applied during the late arthritic phase and not during the immunization phase, cartilage destruction and bone resorption took place already (Figure 1B). However, the µCT imaging analyses of arthritic joints showed a highly significant increased bone density in samples derived from sCD83-treated animals (Figure 1C).




Figure 1 | Therapeutic treatment with sCD83 prevents excessive bone destruction in vivo as well as in vitro. (A) Schematic overview of the applied antigen-induced arthritis (AIA) model (A; left-hand side). Percent increase of knee swelling (normalized to baseline) after the local intra-articular injection of mBSA and sCD83 treatment (n = 9) or a vehicle control (n = 10) (A; right-hand side). (B) Histologic arthritis score (mean value of inflammation, synovitis, cartilage destruction, and bone resorption) was assessed from Safranin O-stained 5-µm joint slides derived from sCD83- or PBS- treated AIA mice on day 17 with n = 4 each, wherein 5 represents the highest score and 0 represents healthy animals. (C) Representative μ-computed tomography images of knee joints (left-hand side) and quantification of bone mass of femoral epiphysis [right-hand side with sCD83 (n = 8) and phosphate-buffered saline, PBS (n = 10)]. (D) RT-PCR analyses of synovial RNA expression levels of arthritis-related gene transcripts. Rpl4 was used as a housekeeping gene (n = 3). € Upper part: representative images used for the quantification of large multinucleated TRAP+ cells with more than 15 nuclei. Lower part: quantification of PBS- and sCD83-treated samples with n = 9. (F) RT-PCR analyses regarding the expression of osteoclast-related gene transcripts from a representative experiment [sCD83 (n = 5) and PBS (n = 4)]. (A) Two-way ANOVA, (D) Student’s t-test, and (B, C, E, F) Mann–Whitney test.



Next, we assessed if and how sCD83 treatment modulates the local cytokine milieu using RT-PCR analyses of the arthritic synovial tissue. As shown in Figure 1D, pro-inflammatory cytokines such as Il-1β and Il-6 as well as the pro-osteoclastogenic factors Rankl were down-modulated on day 17. In contrast, Foxp3 expression was slightly increased in sCD83-treated mice, possibly indicating a higher percentage of Tregs present within the synovial tissue of sCD83-treated animals (Figure 1D). Based on these results and the observed reduced bone loss in sCD83-treated animals (Figures 1C, D), we assessed the capacity of sCD83 to modulate mature osteoclasts, which mimics the situation present in RA patients during a flare-up reaction. For this purpose, osteclastogenesis was induced in bone marrow-derived cells (BMDCs), and sCD83 (25 µg/ml) was applied on already maturing osteoclasts for 24 h. As shown in Figure 1E, one dose of sCD83 efficiently hampered the formation of large multinucleated osteoclasts beyond the mononuclear or pre-osteoclast cell status. In addition, the presence of sCD83 in the osteoclast culture medium resulted in a significant reduction of osteoclast-related transcripts such as Rank, Mmp9, and Oc-Stamp (Figure 1F).



Depletion of CD83 promotes the formation of large multinucleated and active osteoclasts

Based on these data, we addressed the biological role of the membrane-bound CD83 (mCD83) isoform during osteoclastogenesis. For this purpose, BMDCs were isolated from mice, where CD83 was specifically depleted on CX3CR1-expressing cells (i.e., monocytes, macrophages, and osteoclasts). Surprisingly, the number of large TRAP+ osteoclasts was significantly increased when CD83 was absent (Figure 2A; see TRAP+ cells). Moreover, transcriptome analyses revealed a significant induction of osteoclast fusion-related transcripts, such as Dc-Stamp and Oc-Stamp (Figure 2A). Next, we aimed to translate these murine observations into the human system using the CRISPR/Cas9 technology to delete CD83 expression in human monocytes, which were then differentiated into osteoclasts. CD14+/CD16- cells were MACS-isolated from human PBMCs and nucleofected with CD83-specific or control sgRNA along with the Cas9 protein. One part of the nucleofected cells was differentiated and stimulated towards CD83+ mature dendritic cells in order to determine the knockout efficacy by flow cytometry. As depicted in Figure 2B, CD83 surface expression was diminished from 94.5% on control cells down to 0.4% in targeted cells. Residual cells were used for osteoclastogenesis experiments, and CD83 deletion revealed a significantly enhanced osteoclastogenic potential (see TRAP+ cells in Figure 2B), like murine CD83-knockout cells (Figure 2A). The depletion of CD83 did not only increase the number of large TRAP+ multinucleated osteoclasts but also significantly upregulated the expression of osteoclast-related genes such as Trap, Oscar, and Mmp9 (Figure 2B; right-hand side). Taken together, these data demonstrate that CD83 is an important factor for osteoclast differentiation, fusion, and their activity.




Figure 2 | Membrane-bound CD83 expression protects from excessive osteoclastogenesis in mice and men. (A) Osteoclasts were generated from conditional CD83 knockout mice, where CD83 was specifically depleted on CX3CR1-expressing cells. The number of large multinucleated TRAP+ cells with more than 15 nuclei was assessed (A; far left-hand side) with phosphate-buffered saline (PBS) at n = 3 and sCD83 at n = 3. RT-PCR analyses regarding the expression of CD83 and osteoclast-related genes normalized to WT value (A; right-hand side; sCD83 at n = 3 and PBS at n = 3). (B) CD83 was knocked down in peripheral blood mononuclear cell (PBMC)-derived cells via CRISPR/Cas9 method, and cells were then used for osteoclastogenesis experiments. Knockdown efficacy was determined by flow cytometry of surface CD83 expression on mature dendritic cells derived from the same targeted PBMC stock, which were differentiated into osteoclasts (B; left-hand side). A representative image from out of three independent experiments is shown on the left-hand side. The number of large multinucleated TRAP+ cells with more than 15 nuclei was assessed (B; middle) with PBS at n = 3 and sCD83 at n = 3. The RNA levels of osteoclast-related gene transcripts and CD83 were determined by RT-PCR and normalized to the corresponding mock-nucleofected sample of the same donor in order to account for donor-specific variations (B; right-hand side with n = 3). Student’s t-test analyses were performed.





Effects of sCD83 on human osteoclast gene expression

To further analyze the influence of sCD83 regarding osteoclast differentiation on a transcriptional level, PBMCs were isolated from LRSCs and used for osteoclastogenesis experiments in the presence of sCD83 (25 µg/ml) or PBS. On day 7, the number of large multinucleated osteoclasts was determined by TRAP staining, and it revealed a significant reduction of large multinucleated osteoclasts in the presence of sCD83 (Figure 3A).




Figure 3 | sCD83 treatment blocks osteoclast formation from human-derived peripheral blood mononuclear cells. (A) Representative image (A; upper side) used for the quantification of large multinucleated TRAP+ cells with more than 15 nuclei (A; lower side) with n = 9. (B) Volcano plot of RNA sequencing analyses of sCD83- vs. PBS-treated osteoclasts from healthy donors on day 7, derived from three independent donors per condition. The dots depicted on the right-hand side of the log2Fold change 0 value represent significantly upregulated gene transcripts, while the dots on the left-hand side represent significantly downregulated transcripts with log2FC ≥0.6, respectively. Specific dot colors classify the transcripts into characteristic groups: green = osteoclast-related, blue = transcripts associated with alternatively activated M2-like MΦ, red = metallothioneins, orange = transcripts which are associated with osteoblast formation, and purple = miscellaneous transcripts, with a prominent effect on monocytes, MΦ, or osteoclasts. (C) Verification of the RNA sequencing data by RT-PCR analyses regarding the expression of osteoclast-related transcripts from one representative experiment (n = 3). (A) Mann–Whitney test and (C) Student’s t-test. Asterisks mark the
statistically significant differences (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).



Concomitantly, RNA was isolated from sCD83- and mock-treated osteoclasts on day 7 for RNA sequencing. The evaluation of these sequencing analyses showed a downregulation of 562 mRNA targets along with an upregulation of 415 transcripts by sCD83 treatment when compared to PBS-treated controls (Figure 3B). We have identified five prominent clusters which play a pivotal role in the context of osteoclasts and bone homeostasis, i.e., osteoclasts-related- (green), M2-like MΦ-related- (blue), metallothioneins- (red), osteogenic factors- (orange), and miscellaneous- (purple) transcripts, which are associated with inflammatory events or the osteoclastogenesis process. Interestingly, osteoclast-related transcripts Nfact1, Trap, Oc-Stamp, Mmp9, and Ctsk along with Siglec15 were all found to be significantly downregulated in sCD83-treated samples (Figure 3B). These sequencing data were subsequently verified by RT-PCR analyses and confirmed, e.g., the downregulation of Nfatc1, Rank, Trap, and Ctsk (Figure 3C) (8, 29).

Unexpectedly, the sequencing analyses also revealed a prominent upregulation of metallothioneins (i.e., 1E/1M/1G/1H and 2A) following sCD83 treatment. Interestingly, metallothioneins are key players in inflammation and osteoclastogenesis via their binding of free zinc ions (Zn2+) and the stabilization of the anti-inflammatory TRIF-signaling cascade (30, 31). Furthermore, a strong upregulation of alternatively activated M2-like MΦ markers, such as Mrc1, Cd36, Mertk, Mrc2, Msr1, Klf4, Il-10, and Marco, was induced in the presence of sCD83, representing the induction of a shift towards alternatively activated M2-like MΦ (32–34). In addition, we have identified “miscellaneous” transcripts which negatively affect the osteoclastogenesis process. This includes, e.g., Cd14, indicating a sCD83-mediated suppression of the differentiation process which results in higher numbers of non-differentiated precursor monocytes, while the signal transducer and activator of transcription 6 (Stat6) reportedly blocks the RANK-induced osteoclast differentiation process (Figure 3B) (35, 36). Furthermore, we identified a significant reduction of osteogenic factors, such as Sema4d, Igfbp7, Cst3, Bmp1, and Efnb1, that are released by osteoclasts in the course of the physiological bone renewal process, indicating that sCD83 treatment does not go along with a risk of constitutive osteoblast induction and excessive bone formation (Figure 3B) (37–39).



Effects of sCD83 on osteoblast differentiation

Finally, in this respect, we also investigated whether or not sCD83 affects osteoblast differentiation and/or activity using a protocol whereby osteoblasts were differentiated from mesenchymal stem cells. However, as shown in Supplementary Figure S1, the presence of sCD83 neither affected osteoblast formation nor the mineralization activity of osteoblasts. In summary, these data clearly indicate that, in cells generated from healthy donors, sCD83 represents a pivotal checkpoint molecule for the generation/differentiation of human osteoclasts.



Effects of sCD83 on the gene expression of osteoclast from rheumatoid arthritis patients

Next, we wanted to find out if sCD83 also modulates osteoclastogenesis in RA patients. sCD83 (25 µg/ml) or PBS was supplemented on a daily base during osteoclast differentiation again, and analogous experiments were performed as described above for healthy donor samples. As depicted in Figure 4A, the presence of sCD83 strikingly reduced the number of large multinucleated osteoclasts. The samples were used for subsequent RNA sequencing analyses again. Reportedly, RA patient-derived monocytes are characterized by a pro-inflammatory and pro-osteoclastogenic phenotype (40, 41), and indeed the RNA sequencing analyses of sCD83- or mock-treated osteoclasts generated from RA patients revealed an altered transcriptome (Figure 4B) when compared to the analyses of cells derived from healthy donors (Figure 3B). A significant downregulation of 432 transcripts, concomitantly with a significant upregulation of 144 gene transcripts, was observed in sCD83 samples (Figure 4B). To start with, the suppression of osteoclast-related transcripts, such as Oscar, Nfatc1, Siglec15, Ctsk, and Dc-Stamp by sCD83 was very prominent and consistent with the analyses of healthy donor-derived cells. This was also the case for osteogenic transcripts, such as Cst3, Efnb1, Sema4d, and Igfbp7 (Figure 4B). These sequencing data were verified by RT-PCR analyses again, as shown for Nfatc1, Oscar, Mmp9, and Ctsk. All of these transcripts were significantly reduced in sCD83-treated cultures (Figure 4C). It is noteworthy that the metallothionein-specific transcripts were also upregulated by sCD83 in RA patient-derived cells, further highlighting their role in sCD83-induced regulatory mechanisms during osteoclast formation (Figure 4B). In sharp contrast, specific alternatively activated M2-like MΦ-related markers, which were prominently upregulated by sCD83 in osteoclast cultures derived from healthy donors, were no longer upregulated in RA patient-derived samples (i.e., Mrc1, Cd36, Mertk, Mrc2, Msr1, and Il-10).




Figure 4 | sCD83 potently suppressed the pro-osteoclastogenic phenotype of CD14+ cells derived from rheumatoid arthritis (RA) patients. (A) Representative images (A; upper side) used for the quantification of large multinucleated TRAP+ cells with more than 15 nuclei (A; lower side) with n = 8. (B) Volcano plot of RNA sequencing analyses of sCD83- vs. phosphate-buffered saline(PBS)-treated osteoclast cultures generated from CD14+ cells of RA patients on day 7 from three independent samples per condition. The dots depicted on the right-hand side of the log2fold change 0 value represent significantly upregulated transcripts, while the dots on the left-hand side represent significantly downregulated transcripts with log2FC ≥0.6, respectively. Specific dot colors classify the transcripts into characteristic groups: green = osteoclast-related, blue = transcripts associated with alternatively activated M2-like MΦ, red = metallothioneins, and orange = transcripts which are associated with osteoblast formation. (C) Verification of the RNA sequencing data by RT-PCR analyses regarding the expression of osteoclast-related transcripts from one representative experiment (n = 3). (D) Volcano plot of RNA sequencing analysis of sCD83-treated osteoclast cultures derived from RA patients compared to sCD83-treated cultures from healthy donors on day 7 from three independent samples per condition. The dots depicted on the right-hand side of the log2FC 0 value represent significantly upregulated genes, while the dots on the left-hand side represent significantly downregulated genes with log2FC ≥0.6, respectively. The purple dots highlight transcripts of the CXCL-family. (A) Mann–Whitney test and (C) Student’s t-test.



Although the anti-osteoclastogenic effect of sCD83 was very prominent in RA patient-derived samples, our sequencing data indicate that specific transcripts may be differentially regulated when comparing among healthy individuals and RA patients. In order to investigate this hypothesis in detail, the RNA sequencing analyses of sCD83-treated cells from healthy donors and those ones derived from RA patients were assessed against each other. Figure 4D shows that 82 gene transcripts were significantly downregulated, while 76 transcripts were significantly upregulated in sCD83-treated RA patient-derived samples when compared to sCD83-treated healthy donor-derived osteoclasts (Figure 4D). Interestingly, we have identified a broad downregulation of RNAs related to the CXCL protein family, including Cxcl1, Cxcl2, Cxcl3, Cxcl5 and Cxcl6 in RA-derived samples after sCD83 treatment, which was not the case in healthy donor-derived samples (Figure 4D).

In summary, our data described above support the conclusion that sCD83 has striking anti-osteoclastogenic properties not only in cells derived from healthy donors but also in cells derived from RA patients.



The TRIF pathway is crucial for the sCD83-induced immune regulatory mechanisms downstream to TLR4

While the binding of LPS to the TLR complex stimulates a pro-inflammatory immune response, sCD83 induces an anti-inflammatory cascade leading to the induction of IDO and IL-10 (42). However, the sCD83-induced signaling downstream of TLR4 is unknown. To unravel these signaling events, we knocked down crucial molecules downstream of the TLR4 signaling cascade including TLR4 itself, MyD88, and TRIF (Ticam1) in murine BMDCs using the CRISPR/Cas9-technique. Subsequently, these precursor cells were used for osteoclastogenesis experiments in the presence of sCD83 (25 µg/ml) or the corresponding PBS control. In addition, we have also deleted the murine metallothioneins MT-1 and MT-2 since we learned from our transcriptome analyses that MTs are involved in sCD83-mediated regulatory circuits (see Figures 3B, 4B). The CRISPR/Cas9-mediated knockout efficiency was determined by the T7 surveyor assay and revealed an efficacy of 40% for TRIF, 85% for MyD88, 99% for TLR4, and 70/55% for MT-1/MT-2, respectively (Supplementary Figure S2). Figure 5A shows the effects of specific knockdowns with respect to the expression of osteoclast-related transcripts in the presence or absence of sCD83. In control cells, the representative transcripts for differentiation (Oscar), fusion (DC-Stamp), and activity (MMP9) are expressed on a regular level and used as standard control (see Figure 5A, black bars). As expected, when sCD83 was added to these control cells, all transcripts were downregulated (see Figure 5A, red bars). If TLR4 was deleted, sCD83 had no effect anymore, clearly showing that TLR4 is crucial for the regulatory function of sCD83 (see Figure 5A, magenta bars). When we knocked down MyD88, sCD83 was still able to induce its anti-osteoclastogenic effects, indicating that MyD88 is not crucially involved (see Figure 5A, blue bars). Finally, when TRIF was deleted, the sCD83-mediated effects were completely abrogated, indicating that TRIF is absolutely essential downstream of the TLR4 receptor (see Figure 5A, green bars). TRIF induces the production of type I interferons, which leads to the induction of IDO and, consequently, to the expansion of Tregs. As shown in Supplementary Figure S3, sCD83 indeed induces IFNβ production over time in human-derived cells, further supporting the role of TRIF in sCD83-mediated signaling events and finally leading to the expansion of Tregs as we and others have shown (43).




Figure 5 | Downstream of TLR4, sCD83 acts via the TRIF-mediated signaling cascade in a MyD88-independent manner. (A) The mRNA levels of Oscar, Dc-stamp, and Mmp9 were analyzed via RT-PCR, and Rpl4 was used as a housekeeping gene. Relative expression of sCD83-treated cultures was normalized to the corresponding phosphate-buffered controls (PBS) (with n = 3 each). (B) Representative images (upper side) used for the quantification of large multinucleated TRAP+ cells with more than 15 nuclei (lower side) generated from nucleofected cells, where MT-1 and MT-2 were knocked down by CRISPR/Cas9 with n = 3, respectively. Panel (A) was tested for significance using ordinary one-way ANOVA against the control condition (black) and panel (B) by Student’s t-test.





Role of metallothioneins MT-1 and MT-2 in sCD83-induced suppression of osteoclasts

As the expression analyses indicated that metallothioneins are regulated by sCD83, we knocked down metallothioneins MT-1 and MT-2 in murine BMDCs and tested whether the sCD83-induced effects in osteoclasts were affected (Figure 5A). On day 4, the number of large multinucleated osteoclasts was determined by TRAP staining. As depicted in the Figure 5B, the sCD83-mediated anti-osteoclastogenic effects were completely abrogated when metallothioneins were knocked down. Comparable results were obtained when TLR4 or TRIF knockdown cells were used (Figure 5A). Thus, these results clearly show that the TLR4–TRIF pathway, in combination with metallothioneins, is mechanistically important for the inhibition of osteoclasts by sCD83.




Discussion

In the first part of the project, we investigated the therapeutic potential of sCD83 in established arthritis. Previous studies have shown that the cell-specific knockout of CD83 induces strong pro-inflammatory immune responses (11, 13, 14). Conversely, we observed an accelerated resolution of established arthritis already after short-term treatment with sCD83. According to the histological analyses, the major impact of sCD83 treatment was the clearance of inflammatory cells from the joints. We hypothesize two scenarios for these fast effects of sCD83: The first one is related to induction of the enzyme IDO, which inhibits effector T cells (17). In accordance, Foxp3 mRNA expression was upregulated in the joints of sCD83-treated mice, indicating the accumulation of Tregs. The second one is related to the striking upregulation of alternatively activated macrophage transcripts observed in our RNA sequencing analyses, suggesting a phenotypic switch towards regulatory macrophages that fosters the resolution of inflammation (44). In support of this concept, mRNA expression of macrophage-derived pro-inflammatory cytokines was decreased in the synovial tissue of sCD83-treated mice.

Apart from the pro-resolving effects of sCD83 on inflammation, our data showed that the molecule is a potent suppressor for osteoclasts. One dose of sCD83 was already sufficient to reduce the number of osteoclasts and downregulate the osteoclast-related genes. Since osteoclasts express TLR4 on their surface and sCD83 has been shown to bind to the TLR4, these cells can directly respond to sCD83 (45). Conversely, the knockout of CD83 from monocyte-lineage cells significantly increased the number of osteoclasts and osteoclast-related transcripts, such as DC-Stamp and OC-Stamp, indicating increased osteoclast fusion capacities. In this respect, Yagi et al. identified DC-Stamp as a pivotal player during osteoclast fusion, wherein the depletion of DC-Stamp resulted in the complete abrogation of osteoclast fusion and resorptive activity (46). Analogously, OC-Stamp also plays a crucial role for osteoclast fusion. Therefore, their upregulation, as observed in the current work, correlated with the increased number of large multinucleated TRAP+ cells (47). Similar effects were seen in human osteoclasts, both from healthy controls and from RA patients. CD83 knockdown led to significantly enhanced formation of osteoclasts, along with significantly increased levels of Trap, Oscar, and Mmp9. Whereas upregulation of TRAP and MMP9 is associated with increased resorption activity (48), OSCAR represents a costimulatory receptor molecule on osteoclast precursor cells (49). These findings were somehow surprising since mCD83 was not known to play an important role during osteoclastogenesis. However, as shown here, when mCD83 is missing, precursor cells acquire an osteoclastogenic phenotype not only in cells derived from healthy donors but also from those derived from a RA patient.

RNA sequencing analyses of osteoclasts showed the downregulation of osteoclast-related transcripts such as Nfatc1, Ctsk, Mmp9, OcStamp, and Trap by sCD83, while markers associated with alternative differentiation of macrophages were induced. In addition, Siglec 15 was blocked by sCD83, a molecule that has recently been shown to play a role in osteoclast formation (29).

The upregulation of alternatively activated macrophage transcripts was surprising since the supplementation with RANKL in our cultures rather inhibits such anti-osteoclastogenic differentiation processes (50). Skewing of macrophage differentiation by sCD83 is, for instance, reflected by increased RNA levels for Klf4 (51) and the increased Il-10 expression. Of particular note is that Stat6 was also upregulated in the sCD83-treated osteoclast cultures. As reported by Moreno and colleagues, Stat6 activity induces an irreversible inhibition of the RANKL-induced osteoclast differentiation process (52). Therefore, we assume that, up from the first supplementation with sCD83, macrophages are driven into alternatively activated macrophages with anti-osteoclastogenic and anti-inflammatory capacities (53).

We also observed a significant upregulation of metallothioneins by sCD83. Metallothioneins have regulatory effects in arthritis by the induction of pro-resolving mediators, such as TGFβ and a switch of the Th17/Treg balance (54, 55). Mechanistically, metallothioneines interfere with the free Zn2+ ions (30, 31). Zn2+ accumulates within the cytoplasm upon TLR4 stimulation and facilitates the induction of pro-inflammatory cytokine expression (30). The binding of Zn2+ by metallothioneines neutralizes these pro-inflammatory effects and stabilizes IRF3 translocation into the nucleus and the induction of IFNβ, which, in turn, promotes anti-inflammatory signals, e.g., via the induction of IDO and TGFβ (17, 56). This is an interesting mechanistic link to sCD83 since we and others have previously shown that IDO as well as TGFβ are crucial mediators for the observed sCD83-mediated anti-inflammatory effects in vitro as well as in vivo (8, 57). Moreover, knockdown of metallothioneines MT-1 and MT-2 completely abolished the anti-osteoclastogenic effect of sCD83. Our effects of sCD83 on the transcriptional profile of monocytes from healthy individuals could be reproduced in cells derived from RA patients. Thus, osteoclast-related transcripts were significantly downregulated, while metallothioneines were significantly upregulated upon sCD83 treatment also in RA patients. When comparing sCD83-induced gene expression profiles in cells derived from healthy controls and RA patients, we observed a prominent downregulation of the CXCL family members in RA patients, but not in samples from healthy donors. In this context, it has been reported that CXCLs strongly promote a pro-osteoclastogenic environment, while their depletion negatively affects osteoclastogenesis (58).

The anti-inflammatory effects of sCD83 are based on binding to the TLR4/MD2 complex (42). Thus, we aimed to investigate the signaling cascade downstream of TLR4 in more detail. The deletion of TLR4 completely abrogated the anti-osteoclastogenic effects of sCD83. Of note is that a very same outcome was observed when sCD83 was applied to osteoclast cultures in the presence of the TLR4-inhibitor CLI-095 (data not shown). Downstream of TLR4, the knockdown of MyD88, which is the adaptor molecule of the pro-inflammatory LPS-induced TLR4-signaling cascade (59), did not affect the inhibitory effect of sCD83. Of note is that we obtained comparable results with cells derived from MyD88-/- mice (data not shown). In contrast, the knockdown of TRIF resulted in the complete abrogation of the anti-osteoclastogenic effects of sCD83. TRIF is associated with anti-inflammatory and tolerogenic mechanisms, e.g., via the induction of type I interferons, which, in turn, induce TGFβ and IDO expression (60). This finding extends by far our previous work, where we have only shown that sCD83 induces IDO as well as TGFβ, and the inhibition of both abrogates sCD83-induced regulatory mechanism in vitro as well as in vivo (8, 11).

In summary, we show that (i) sCD83 is not only protective using a prophylactic setting (8) but also applying a systemic administration route, (ii) we have successfully translated our murine data into the human system using osteoclast precursor cells from healthy donors and (iii) from RA patients, which is an important finding in respect to the future clinical applicability and efficacy, (iv) sCD83 is a potent modulator of macrophages towards a pro-resolving and anti-arthritic phenotype, which is very important for the resolution of inflammation, and (v) mechanistically, sCD83 mediates its anti-inflammatory and anti-osteoclastogenic effects via the TRIF signaling pathway and in conjunction with metallothioneines. A graphical summary comparing LPS- versus sCD83-induced signaling events is shown in Figure 6. In sharp contrast to the LPS-induced pro-inflammatory signaling cascade via the MyD88 pathway (Figure 6, upper graph), sCD83 effects are mediated via the TRIF pathway (Figure 6, lower graph). In addition, under inflammatory conditions, the intracellular concentrations of free Zn2+ are upregulated upon TLR4 stimulation in order to facilitate NF-kB activation and the expression of proinflammatory cytokines, such as IL-6, TNFα, and IL-1β. Concomitantly, Zn2+ represents a negative regulator of the TRIF/IRF3 pathway, thereby further enhancing the inflammatory immune response (31). However, metallothioneines possess strong Zn2+-binding capacities, thereby limiting its intracellular availability and activity and thus stabilizing the TRIF pathway along with a downstream induction of type I IFNs (61). Type I IFNs, in turn, induce the enzyme IDO, which inhibits effector T cell activity, induces regulatory T cells, and blocks osteoclast formation (60, 62). Thus, these data show that CD83 induces a pro-resolving and anti-osteoclastogenic environment leading to the inhibition of osteoclast-mediated bone resorption.




Figure 6 | Graphical summary of the sCD83-induced regulatory mechanism. (Upper side) Binding of LPS to the TLR4/MD-2 complex results in the activation of the MyD88 signaling cascade, the translocation of NFκB into the nucleus, and the subsequent expression of pro-inflammatory cytokines. Concomitantly, TLR4 stimulation leads to activation-induced Zn2+ influx into the cytosol, a crucial event for the dissociation of NFκB from its inhibitor, thus facilitating its translocation into the nucleus. Moreover, Zn2+ potently inhibited the TRIF-mediated anti-inflammatory signaling pathway by blocking the IRF3 activity. (Lower side) In sharp contrast, the binding of sCD83 to the TLR4/MD-2 complex fosters the resolution of inflammation in a TRIF-dependent manner. In addition, sCD83 strongly induces the expression of MTs, which bind free Zn2+, thereby promoting the translocation of IRF3 into the nucleus and the subsequent induction of type I IFN. Type I IFNs are potent inducers of IDO and TGF, both shown to be crucial for the sCD83-induced differentiation of Tregs and the long term-resolution of inflammation. Herein IDO converts the amino acid tryptophan (Trp), which is indispensable for effector T cell proliferation and survival, into Kynurenine (Kyn), a potent inducer of Tregs via the Ahr pathway. In addition, type I IFNs further boost the expression of MTs and thus stabilize the TRIF-associated resolving pathway over the pro-inflammatory MyD88 cascade.
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GCGACACTGTTCGTGTTGTC

TTGTGGCAGGGGACTTTAAC
GCTGACTACGATAAGGACGGCA
TTGCTCCTGTCCTACAGTGC
TGGAAGTTCACTTGAAACTACGTG
GGTGCCTTTTGCGAGCAGTATC
TGTCCACCTTCCAGCAGATGT
TGCCACCTTTTGACAGTGATG
ACAAAGCCAGAGTCCTTCAGAG
CAGCCATTTGCACACCTCAC
CCCAGGAAAGACAGCAACCTT

(A) Mouse-specific primers. (B) Human-specific primers.

Reverse

CACATTGGTCTGTGGGATCTTG
TAGCAGCAGCGGTAACTTCC
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GCCTCAAGGTTATGGATGGA
GGCAGTATTCAAGCCTCCCA

ATTGTCATCCTGCCCTCAAC
TAGTGGTGCAGGCAGAGTAGGA
GCCCTCAGTAACACAGCTCA
CTCGGTTTCCCGTCAGCCTCTCTC
CGTATGGACCAGAATGTGACGG
AGCTCAGTAACAGTCCGCCTAGA
ATGTGCTGCTGCGAGATTTG
GAGCATTGGAAATTGGGGTAGG
CCCGATGTTTCATGATGCCG
CCTTGCCTTTCTCATCCAGGA





OEBPS/Images/fimmu-13-936995-g005.jpg
MT-1/2-KO

-3 2 o
3 I3

(1Bponu g} <) sied , dwil

o0
0
0 o
O @
=]
£ 9
g ¥
w 9
®Q X
2 &

3
2 F

0
0
=]
o
]
¥
Q
x
o~
T
<
-
=
)
@
[=]
o
13
.
o
-
<
&
=
=

DC-Stamp

(1D 01 pazifew.ou) c%_hmwuww_%mue (19 03 pazijeutiou)
uoissaldxa aAne|al : el uoissaldxa anne|al






OEBPS/Images/fimmu-13-936995-g001.jpg
MMPS
oc-stamp

(308w 01 peZiieuouf
WL uossaidie sngeiey

(420w 0} pazifeusiou)
Uolssaidxe anpeloy

x
3]
<]

=

. sCD83

$§ 2 88 2 ° o ¥ 5
% ui Bujoms yuiof = li.A ,A ST 7 g

e —h— ren—

g g 8 8 °
ST s LT £ § 8 B

i.a. mBSA injection Y i.p. 100 pg sCD83

V s.c.immunization

B
Cc





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





OEBPS/Images/fimmu-13-936995-g004.jpg
WmPBS m sCD83

B — D R

pVale pVae

144 ganes uprapisted 1o 78 genes preginted

- 42 ganes downvegisied

o

Osteoclast-related
Proresolving MO-related

.

Metallothioneins e
" Osteogenic factors
e
0
s
107, N
100 ™ -+ ~ T " T
3 T v T T T3 3 T 3 1 7 1
ogarokd change ogaroldchange
C Nfate1 Oscar Ctsk
+
15 . — 15
by s

#
#

.

=

=X

&

Relative Exprossion

(normalized to mack)

(normalized to mock)

Relative Expression
(normalized to mock)






OEBPS/Images/table1.jpg
Gene

CD83
TLR4
TRIF/TICAM1
MyD88

MT-1

MT-2

Target sequence

GCTGCAACTCGGGGACATAC
TCTGACGAACCTAGTACATG
CAAGCTATGTAACACACCGC
TCCCACGTTAAGCGCGACCA
TCGTCCAACGACTATAAAGA
GCGTGATGGAGAGAAGCACG

huCD83

muTLR4
muTRIF/TICAM1
muMyD88
muMT-1
muMT-2

Forward
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Reverse
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