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IL-23 regulates inflammatory osteoclastogenesis via the 
activation of MDL-1+ osteoclast precursors

Hiroki Furuya, MD, PhD1,#, Cuong Thach Nguyen, PhD2,#, Ran Gu, PhD2, Shie-Liang Hsieh, 
MD, DPhil3, Emanual Maverakis, MD4, Iannis E Adamopoulos, MPhil, DPhil1,2,*

1Department of Rheumatology, Beth Israel Deaconess Medical Center, Harvard Medical School,

2Division of Rheumatology, Allergy and Clinical Immunology, University of California at Davis,

3Genomics Research Center, Academia Sinica, 128 Academia Road, Section 2, Nankang, Taipei, 
Taiwan

4Department of Dermatology, University of California, Davis, Sacramento, CA, USA

Abstract

Objective: To investigate the role of Interleukin-23 (IL-23) in pathological bone remodeling in 

inflammatory arthritis.

Methods: In this study we investigate the role of IL-23 in osteoclast differentiation and activation 

using in vivo gene transfer techniques in WT and MDL-1 deficient mice and performing in vitro 

and in vivo osteoclastogenesis assays using spectral flow cytometry, micro-CT analysis, Western 

blotting and immunoprecipitations.

Results: Herein, we show that IL-23 induces the expansion of a myeloid osteoclast precursor 

population and supports osteoclastogenesis and bone resorption in inflammatory arthritis. Genetic 

ablation of C-type lectin domain family 5, member A (CLEC5A), also known as myeloid 

DNAX activation protein 12 (DAP12)-associating lectin-1 (MDL-1), prevents IL-23-induction 

of osteoclast precursors associated with bone destruction as commonly observed in inflammatory 

arthritis. Moreover, osteoclasts derived from the bone marrow of MDL-1 deficient mice showed 

impaired osteoclastogenesis and MDL-1−/− mice had increased bone mineral density.

Conclusion: Our data show that IL-23 signaling regulates the availability of osteoclast 

precursors in inflammatory arthritis that could be effectively targeted for the treatment of 

inflammatory bone loss in inflammatory arthritis.

Introduction

Interleukin-23 (IL-23) and its cognate receptor interleukin-23R (IL-23R):IL-12Rβ1 plays 

a critical role in the pathogenesis of many autoimmune diseases, including rheumatoid 
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arthritis, psoriasis and psoriatic arthritis. However how pathological bone remodeling 

is regulated in inflammatory arthritis remains elusive. Activation of receptor activator 

of nuclear factor k beta receptor (RANK) by its ligand (RANKL) regulates osteoclast 

differentiation together with co-stimulatory signals that are regulated by immunoreceptor 

tyrosine-based activation motifs (ITAM) present on myeloid cells (1, 2). Pathological bone 

resorption in inflammatory arthritis differs greatly from physiological bone resorption due 

to the inflammatory infiltrate within the joint which alters the availability and nature 

of osteoclast precursors and the activation of co-stimulatory pathways elicited by pro-

inflammatory mediators (3–6). Co-stimulatory signals are regulated through two main 

ITAM-containing adaptors expressed by myeloid cells, the FcRγ and DNAX activation 

protein-12 (DAP12) which pair with at least 20-ITAM associated receptors in osteoclasts 

including c-fms, TREM, OSCAR, and MDL-1 to activate Syk downstream signaling and 

osteoclast differentiation (7, 8). The first identified pairing partner of DAP12 is MDL-1 

(myeloid DAP12-binding protein-1, also known as C-type lectin family member 5A or 

CLEC5A), a member of the NK cell receptor-like subfamily of C-type lectins (9). MDL-1 

is expressed exclusively on myeloid cells and is a major PU.1 transcriptional target 

during myeloid differentiation regulating a number of myeloid-dependent immune and 

inflammatory responses including differentiation, activation and recruitment of myeloid cells 

during inflammation (10–13).

We and others have previously shown that MDL-1 is involved in autoimmune arthritis 

and osteoclast differentiation via its association with DAP12 (14–17). Interestingly the 

DAP12+/MDL-1+ population is significantly enriched in the CD16+ PBMC fraction in 

humans (15), previously associated with bone destruction in PsA (18). Other studies have 

showed that MDL-1 is important in osteoclastogenesis and the formation of neutrophil 

extracellular trap (NET), as well as the development of γδ T cells (19–21) which have 

clinically a pathogenic role in PsA and affect multiple tissues including skin and joints (22). 

To date, no endogenous physiological ligand or counter-receptor has been described for 

MDL-1 aside from the dengue virus interaction which stimulate the release of macrophage 

pro-inflammatory cytokines (20).

Thus, in this study we sought to identify mechanistically the role of MDL-1 in IL-23-

induced inflammation and osteoclastogenesis. Herein, using state-of-the-art transgenic 

and molecular approaches, we demonstrate a novel functional interaction between IL-23 

signaling and MDL-1 associated with the development of bone destruction in vitro and in 
vivo. Collectively, our data demonstrate that IL-23 signaling elicits the differentiation of 

MDL-1+ monocytes that serve as osteoclast precursors in inflammatory arthritis, suggesting 

that therapeutic strategies targeting MDL-1 may be beneficial in combating inflammatory 

bone loss as commonly observed in inflammatory arthritis.

Methods:

Animals

C57BL/6 and Rag−/− mice (8–12 weeks-old) were purchased from Jackson Laboratories 

(Sacramento, CA). IL-23RGFP+/+ and Mdl-1−/− mice were obtained from Dr. Kuchroo 

(Harvard Medical School) and Dr. Hsieh (National Yang-Ming University, Taiwan), 
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respectively as previously described (20, 23). IL-23RGFP+/+ Rag−/− mice were generated 

by crossing IL-23RGFP+/+ reporter mice with Rag−/− mice as previously described (23). 

Sex- and age-matched mice at 26 weeks of age was used for micro-computer tomography 

analysis, and 8–12 weeks of age were used for all the other experiments and kept under 

specific pathogen-free conditions.

Reagents

Monoclonal antibodies of anti-Ly6G (1A8, FITC), MDL-1 (226402, AF405 and PE) were 

purchased from R&D Systems (Minneapolis, MN), CD11b (M1/70) and from ebioscience 

and CXC3R1 (SA011F11, BV711), B220 (RA3–6B2, PE/Dazzle594), Ter119 (TER-119, 

APC/Cyanine7), CSF1R (AFS98, BV605), Ly6C (HK1.4, BV510), CD61 (2C9.G2, PE), 

CD45 (30-F11, PerCP/Cyanine 5.5), RANK (R12–31, APC) and CD11c (N418, BV605) 

from BioLegend (USA). IL-23 ELISA kits were purchased from eBioscience, and RANKL 

and OPG ELISA kits were purchased from R&D Systems.

Production and purification of GFP, IL-23 and RANKL minicircle DNA and hydrodynamic 
delivery

Minicircle-RSV.Flag.mIL23.elasti.bpA, RSV.eGFP.bpA and RSV.mRANKL.bpA were 

produced as described by Chen et al (24). Briefly, a single isolated colony was grown in 

Luria–Bertani broth supplemented with kanamycin. Overnight cultures were centrifuged 

at 20°C, 4000 rpm for 20 min. The pellet bacteria were incubated at 32°C with constant 

shaking at 250 rpm for 2 h. Episomal DNA minicircles (MC) were prepared from 

bacteria using EndoFreeMegaprep plasmid purification kits (Qiagen). Fifteen micrograms 

of RANKL, IL-23 or GFP MC DNA was injected hydrodynamically via tail vein delivery. 

Murine serum 1-day post gene transfer was collected for ELISA serum RANKL and IL-23, 

as previously described (14, 25).

Spectral Flow cytometry and high-dimensional analysis

Bone marrow (BM) cells were flushed out using a 27-gauge needle attached to a 1 ml 

syringe containing PBS. Gates were established using B220−CD3−Ter119− to select the 

negative population and then an additional gate selecting the c-fms+ cells ensured the 

selection of the myeloid fraction.

Among B220−CD3−Ter119−CSF1R+ myeloid precursor cells, clustering algorithm was 

conducted by FlowSOM based on the marker expression of CD11c, CD61, CD11b, 

CX3CR1, RANK, MDL1, Ly6G, CD45, Ly6C on all cells, and the size of each pie 

slices show the expression levels of each molecule. As this method is highly sensitive 

and vulnerable to batch effect, FlowSOM were conducted on single experiment using to 

avoid confounding bias (26). The FlowSOM clusters was also displayed on top of the t-SNE 

axes to visualize each cluster. All events were captured by an Cytek Aurora cytometer and 

analyzed with FlowJo software version 10.

Osteoclast, osteoblast cultures and functional assays

Bone marrow cells were cultured in α-MEM in the presence of M-CSF (25 ng/mL) 

for 2 days then with M-CSF (25 ng/mL) and RANKL (30 ng/mL) for 2, 4, or 8 days 
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as indicated in individual experiments. Functional assessment of osteoclast formation 

was performed by TRAP staining, F-actin ring staining, expression of osteoclast related 

genes, bone resorption assays, and scanning electron microscopy as previously described 

(27). Confocal microscopy of BMMs and osteoclasts was performed on cells fixed on 

coverslips with 4% paraformaldehyde in PBS for 20 minutes, followed by incubation with 

PBS/0.2% BSA/0.1% Saponin for 30 minutes followed by incubation with appropriate 

antibodies. Immunofluorescence-labeled cells were observed using a Nikon Confocal 

Microscope C1. For in vitro osteoclast deacetylation functional assay, BMM stimulated with 

MCSF+RANKL were placed on ice under a Zeiss AxioObserver fluorescent microscope 

equipped with Photometrics CoolSnap HQ camera and Definite Focus attachment for 

time-lapse stability. Images were acquired at 5, 10, 15, 30 and 60 minutes. For 

osteoblast cultures calvaria-derived cells were isolated from pups (1–3 days old) by 

three sequential collagenase/dispase digestions, and treated with ascorbic acid (ASC), and 

dexamethasone (Dex) (50 μM ascorbate-2-phosphate, 10 μM B(beta)-glycerophosphate and 

0.1 μM dexamethasone) as previously shown (28). Alkaline phosphatase was detected 

using a commercial kit (Sigma-Aldrich) according to the manufacture’s protocol and the 

mineralized bone matrix was stained with 2% Alizarin Red (pH 4.1–4.3) (Sigma-Aldrich) 

in osteoblasts fixed in 10% formaldehyde. Bone resorption pit depth was measured as 

previously described (29).

Micro-computer tomography (μCT)

Tibias were amputated from WT (n=7) and Mdl-1−/− (n=14) mice at 26 weeks of age. 

The specimens were fixed in cold 10% neutral buffered formalin until processing. High-

resolution μCT scans of mouse tibias were scanned at Numira Biosciences (Salt Lake City, 

UT) using a high-resolution volumetric μCT40 scanner (Scanco Medical AG, Bassersdorf, 

Switzerland). The image data were acquired at 6-μm isometric voxel resolution at 300 ms 

exposure time, 2000 views, and five frames per view. The μCT-generated DICOM files 

were used to analyze the samples and to create volume renderings of the region of interest. 

The raw data files were viewed using Microview (GE Healthcare, Milwaukee, WI, USA). 

Using ScanCo Medical software, we obtained bone density measurements for the femur’s 

midshaft and distal end. For distal femur analysis, a three-dimensional trabecular volume 

(TV) was selected 0.5 mm below the growth plate and 0.5 mm thick. For midshaft analysis, 

the length of the entire femur was measured, and a 1-mm-thick midcortical section was used 

for analysis. A threshold of 20% of the 16-bit total grayscale values between 0 and 32,000 

was used. Original volumetric reconstructed were used to generate three-dimensional image 

rendering through images using Microview software (GE Healthcare, Piscataway, NJ, USA). 

Bone histomorphometry was performed as previously described (14).

Western blotting and Immunoprecipitation

Bone marrow macrophages were treated with mouse recombinant IL-23 for 0, 5, 15, 45 

min. After incubation, the cells were washed two times with ice-cold D-PBS, and lysed 

with cell lysis buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% Triton 

X-100, 1 mM PMSF, 1 mM Na3VO4, 1 mM NaF) on ice for 15 min. Protein concentration 

was determined by Pierce BCA Protein Assay as manufacturer’s instructions. 30–100 

μg of proteins were separated on SDS–PAGE and transferred onto a PVDF membrane. 
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Immunoprecipitation (IP) experiments were performed using protein-G Dynabeads® as 

manufacturer’s instructions with minor modification. Briefly, protein G-Dynabeads were 

incubated with the appropriate specific antibody for 1 hr at 4°C. Cell lysates were incubated 

with the Protein G-Dynabeads-appropriate specific antibody complex for over 2 hr at 4°C. 

After third-time washing, immunoprecipitated protein lysates (IP complex) and whole cell 

lysates (input) were separated on SDS–PAGE and transferred onto a PVDF membrane. 

The membranes were blocked with 5 % skim milk at room temperature for one hour and 

incubated with the appropriate primary antibodies at 4oC overnight. Next, the membranes 

were incubated with IRDye® 680CW appropriate secondary antibodies. Immunoreactive 

bands were detected by Odyssey® Imaging Systems.

Statistical analysis

Statistical differences were analyzed by Mann–Whitney test. All results are representative 

of 3 independent experiments. Statistically significant differences were considered as P < 

0.05 (*P < 0.05, **P < 0.01, ***P < 0.001). All statistical analyses were performed using 

GraphPad Prism software.

Study approval

All animal protocols (protocol #20010 and #20845) were approved by Institutional Animal 

Care and Use Committee, at Beth Israel Medical Deaconess Center and University of 

California at Davis. All experiments were performed in accordance with relevant guidelines 

and regulations.

Results

IL-23 induces the expansion of MDL-1+ osteoclast precursors

To identify the effect of IL-23 in bone remodeling we performed IL-23 gene transfer in 

C57BL/6 mice and compared it with RANKL and GFP control as previously described (30). 

To analyze the effect of IL-23 on osteoclast precursors we performed spectral cytometry 

on bone marrow cells isolated six days post-GFP/RANKL/IL-23 gene transfer using an 

extensive panel of myeloid-specific antibodies (Figure 1A). We focused our analysis on 

myeloid precursors by gating on the B220, CD3, Ter119 negative and c-fms positive 

population (Figure 1B). Among this myeloid population, we integrated the data of GFP/

RANKL/IL-23 gene transfer and conducted an unsupervised clustering algorithm with a 

combination of tSNE and FlowSOM (flow cytometry data analysis using self-organizing 

maps), showing 10 distinct populations (Figure 1C, D). The clustering was based on 

the expression level of CD11c, CD61 (b3-integrin), CD11b, CX3CR1 (C-X3-C Motif 

Chemokine Receptor 1), RANK, MDL-1, Ly6G, CD45 and Ly6C. The expression levels of 

each molecule are graphically represented by the size of each pie slices among each cluster 

(Figure 1D). Our data demonstrated that RANKL and IL-23 induce unique alterations 

in the myeloid populations by dissecting the origin of the t-SNE mapping (Figure 1E). 

Next, we gated on the CSF1R+LY6G− cells to remove neutrophils from our analysis and 

gated on CSF1R+CD11b+LY6C+ to focus on inflammatory monocytes and identified two 

distinct CX3CR1high monocyte populations that include CD11c− and CD11c+ monocytes 

according to the FlowSOM clustering and confirmed these populations by flow cytometry 
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(Figure 1D, F). IL-23 but not RANKL significantly induced the expansion of MDL-1+ 

cells (Figure 1G), and both RANKL and IL-23 induced the expansion of inflammatory 

monocytes LY6C+CX3CR1low (Figure 1H). We also detected a significant increase on 

RANK expression in the CD11c+ monocytes population suggesting that IL-23 regulates the 

osteoclast precursor population of MDL-1+ inflammatory monocytes (Figure 1I).

IL-23 activates inflammatory DAP12 signaling in MDL-1+ IL-23R+ double positive cells

Next, we investigated the expression of IL-23R and MDL-1 in macrophages and osteoclasts 

by utilizing the IL-23R reporter mice (IL-23RGFP+/+) where the intracellular domain 

of IL-23R is replaced with an internal ribosome entry site (IRES)- green fluorescent 

protein (GFP) which is used for detection of IL-23R (31). Thus, using fluorescence 

microscopy, we demonstrated that IL-23R and MDL-1 were co-expressed in macrophages 

and osteoclasts derived from IL-23RGFP+/+ and IL-23RGFP+/+Rag−/− mice using anti-GFP 

antibody for IL-23R (IL-23RGFP+/+) and anti-MDL-1 respectively (Figure 2A). Next by 

using the homozygous IL-23R reporter mice (IL-23RGFP+/+) we effectively blocked all 

IL-23R downstream signaling similar to IL-23R deficient mice and used these mice to 

test IL-23 signaling via the MDL-1- DAP12 complex. We performed immunoprecipitations 

with anti-DAP12 antibody using total cell lysate of BMM derived from IL-23RGFP+/+ 

and Mdl-1−/− mice stimulated with 100 ng/ml of mouse rIL-23. Our data showed that 

upon IL-23 stimulation, DAP12 co-immunoprecipitated with MDL-1, IL-23R, and SYK 

in WT mice (Figure 2B). Interestingly, no binding with DAP12 was observed with 

MDL-1 in IL-23RGFP+/+ mice and with IL-23R in Mdl-1−/− mice, suggesting a functional 

interaction between the two receptors. Syk binding was inhibited, albeit not abolished 

in Mdl-1−/− and IL-23RGFP+/+ mice (Figure 2B) as tonic DAP12 ITAM signaling is not 

disturbed in these mice. Next, we confirmed these observations by performing MDL-1 

immunoprecipitations and probing with DAP12, MDL-1, IL-23R, and SYK (Figure 2C). 

Taken together our data demonstrate that IL-23R and MDL-1 form large protein assemblies 

to transduce co-stimulatory signals resulting in the activation of SYK during inflammatory 

osteoclastogenesis.

MDL-1 regulates the myeloid PU.1 transcriptional program in RANKL signaling.

In keeping with previous reports indicating that MDL-1 is a specific myeloid lineage 

marker, expression of Mdl-1 was increased during myeloid differentiation assays 

(osteoclastogenesis) evidenced by the formation of multinucleated TRAP+ cells in RANKL-

induced bone marrow cultures (Figure 3A, B) but not during osteoblast maturation, indicated 

by Alkaline phosphatase (Alp) and Alzarin-red staining as well as bone sialoprotein (Bsp) 

positivity at day 14 and 21 (Figure 3C–E). These data collectively prompted us to investigate 

the role of MDL-1 in osteoclastogenesis and its contribution in skeletal homeostasis. 

In order to explore the effect of MDL-1 in osteoclast precursors we performed DNA 

microarray analysis and compared WT and Mdl-1−/− macrophages stimulated for 4 days 

with M-CSF (day 4). Out of the 30,854 detected genes, we identified a total of 1,607 

genes that were significantly different and displayed log2 fold changes > 2.0 and adjusted 

P-values < 0.001 and these genes were selected for further analysis between WT and 

Mdl-1−/− macrophages. The identified differentially expressed genes (DEGs) are involved in 

osteoclastogenesis (Mmp9, Acp5, CtsK, C-fos, Nfatc1, Nfkb), inflammatory response (Saa3, 
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Cd83, Cd86, Socs3), pro-inflammatory cytokines and chemokines (Il-1β, Cxcl-9, Cxcl-10) 

and neutrophil activation (Csf3r, Fpr2, Mpo). In keeping with the concept that MDL-1 is a 

major transcriptional target for the myeloid master regulator PU.1, 376 genes were identified 

in BMMs stimulated with MCSF to be critically involved in PU.1 signaling pathway and 

in cell cycle and anti-apoptosis (Cdca2, Cdc20, Lmnb1, Pik, and Mad2l1,) and cell survival 

(Ccl5, Pla2g7) of macrophages by using the Ingenuity® Pathway Analysis (IPA®) (Figure 

3E, F). To evaluate the functional significance of the identified DEGs, we performed 

quantitative cell cytotoxicity and viability assays using Calcein-live//EthD1 fluorescent 

staining and resazurin as a fluorometric/colorimetric growth indicator, respectively and 

demonstrated that Mdl-1−/− macrophages had an overall lower survival than WT control 

macrophages (Figure 3G, H). Next, we performed phosphorylation assays of Erk, Akt, and 

NF-κB in total cell lysates of BM derived macrophages from WT, and Mdl-1−/− stimulated 

with mouse rIL-23 (100 ng/ml) for 0, 5, 15, 45 mins. IL-23 induced phosphorylation of Erk, 

Akt, and NF-κB in WT macrophages; however, it was significantly suppressed in Mdl-1−/− 

macrophages at 5, 15, and 45 min post-treatment, compared to WT macrophages (Figure 3I). 

The data were significant even when normalized to a housekeeping protein (Figure 3J).

MDL-1 deficiency impairs osteoclast differentiation and bone resorption

Next, we investigated the role of MDL-1 in osteoclast differentiation using functional 

assays. Specifically, to investigate whether MDL-1 deficiency influences osteoclastogenesis, 

BMM cells derived from WT and Mdl-1−/− mice were cultured in the presence of 

RANKL for 2, 3, 4 days. We observed delayed osteoclast maturation in Mdl-1−/− mice 

as evidenced by the formation of fewer multinucleated TRAP+ cells and a lower total 

number of osteoclasts (TRAP+) (Figure 4A, B). These findings correlated with reduced 

gene expression of Acp5 and other osteoclast markers including Ctsk and Mmp9 (Figure 

4C–E). Most importantly, gene expression of osteoclast precursor markers C-fms, C-fos, 

Nfatc1, and Tnfrsf11a were also significantly reduced in bone marrow derived cultures 

stimulated with MCSF at an early time-point (day 4) and MSCF + RANKL at a late 

time-point (day 8) compared to WT osteoclasts (Figure 4F). Consistent with the findings 

outlined above, MDL-1 deficient osteoclasts exhibited reduced bone resorption on dentine 

slices in both resorbed surface area (Figure 4G) and depth (Figure 4H) compared to WT 

osteoclasts. Next, we investigated the role of IL-23 in in-vitro osteoclastogenesis assays 

in the presence of sub-optimal levels of RANKL. Again, there was as significant delay in 

osteoclastogenesis that was not rescued with IL-23 as evidenced by the TRAP staining and 

osteoclast-related markers (Figure 4I–M), suggesting that IL-23 stimulation is not sufficient 

to rescue osteoclastogenesis in MDL-1−/− mice in vitro.

MDL-1 deficient mice have increased bone mineral density

To determine the physiological roles of MDL-1 in homeostatic skeletal remodeling, we 

performed micro-computed tomography (μCT) analysis of distal femoral trabecular and 

compared between WT and Mdl-1−/− mice (Figure 5A). We found that the Mdl-1−/− mice 

had significantly higher cancellous bone volume at the distal femoral metaphysis with 

thicker trabecular than WT mice (Figure 5B, C). Specifically, the trabecular bone/tissue 

volume ratio (BV/TV) was significantly increased in Mdl-1−/− mice, by more than 200% 

(Figure 5D) and accompanied by 19% increase in trabecular number (Tb.N) (Figure 5E), 

Furuya et al. Page 7

Arthritis Rheumatol. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



34% increased trabecular thickness (Tb.Th) (Figure 5F), and a 175% increase in bone 

surface (B.S) (Figure 5G) compared to WT controls.

Consistent with the increased bone mass observed by μCT analysis, bone histomorphometry 

analysis of Mdl-1−/− mice also showed lower osteoclast surface over bone surface area 

(Oc.S/BS) (Figure 5H). These changes were also accompanied by significantly lower levels 

(52%) of serum C-terminal telopeptide fragments of the type I collagen (CTX-1) levels 

(bone resorption marker) in Mdl-1−/− mice compared to WT control mice (Figure 5I), 

consistent with a previous report (32). Accordingly, bone histomorphometry analysis of 

Mdl-1−/− mice (Figure 5J, K) also showed increased calcium deposits in Mdl-1−/− mice 

which was independent of changes in serum RANKL concentration and/or RANKL/OPG 

ratio (Figure 5L–N).

Discussion

IL-23 is regulating the expansion of Th17 cells and is implicated in inflammatory arthritis 

and bone destruction via the activation of NF-kB which is the target of RANKL (33, 

34). However, the dysregulation of bone remodeling in inflammatory arthritis has been 

extensively studied as it relates to pathogenic Th17 cells. Th17 cells have the ability to 

modulate RANK-signaling either by secreting RANKL directly (35), or by influencing 

the expression of RANKL by stromal cells and RANK by osteoclast precursors via IL-17 

signaling (25, 36, 37). However, Th17 cells are not predominant in the inflamed joints of 

arthritis patients, and IL-17 seem to modulate RANK-expression only in certain myeloid 

populations (38, 39). Therefore, pathological bone remodeling in inflammatory arthritis 

may utilize alternative pathways of osteoclast differentiation. However, how IL-23 affects 

RANKL-bone remodeling in inflammatory arthritis has not been fully elucidated.

Herein we show that IL-23 induces the expansion of MDL-1+ in c-fms+CX3CR1+ 

inflammatory monocytes which are known to be a population of inflammatory osteoclast 

precursors identified in vitro and in vivo in inflamed synovium (40, 41). Moreover, we 

show that IL-23R and MDL-1 receptors are expressed in pre-osteoclasts and osteoclasts and 

participate in the activation of DAP12 co-stimulatory pathway of osteoclastogenesis (Figure 

6). DAP12 is a transmembrane protein with a minimal extracellular domain, which relies 

on the association of other cell surface receptors to transduce its signals to an ITAM in its 

cytoplasmic tail. Neither DAP12 nor many of its associated receptors can efficiently reach 

the cell surface alone, and DAP12 is required for their signaling abilities (8, 42). IL-23 

induces the expansion of MDL-1 and thus DAP12-costimulatory signaling. It is also possible 

that in inflammatory conditions IL-23 can induce a specific subset of osteoclast precursors 

such as LY6C+CD11c+ monocytes, which is known as inflammatory osteoclast precursors 

(43, 44). Since IL-23 induces RANK expression in this population we cannot confirm 

a RANKL-independent action of IL-23 in osteoclast differentiation. This would require 

further work on RANK deficient mice, however this is a moot point as all inflammatory 

arthritis patients have active signaling to some degree. Although there was no significant 

difference in serum RANKL/OPG levels between MDL-1−/− and WT, these data still require 

careful interpretation since there may be difference between systemic and local RANKL 

level. Additionally although the ratio between RANKL and OPG remain unaltered other 
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factors such as TRAIL can also modulate availability of RANKL by sequestering OPG (45). 

There are many TRAIL targets in inflammation and hence there is no absolute standard to 

measure utility of this pathway from serum.

In our experiments in the MDL-1−/− it was the availability of osteoclast precursors that 

affected the osteoclastogenesis and bone resorption in vitro and in vivo. Although IL-23 

induces the MDL-1+ inflammatory monocytes which serve as osteoclast precursors in 

inflammatory arthritis, MDL-1 has also roles in physiological bone remodeling. It was 

previously shown that MDL-1 together with DAP10 and DAP12 form a multi-protein 

assembly complex that harbors ITAM/YINM stimulatory/costimulatory motifs and thus can 

regulate osteoclastogenesis (17). Moreover, we have previously shown in human PBMC that 

cells that are double positive for MDL-1 and DAP12 are not in the CD16+ cell fraction 

rather than CD14+ suggesting that these pathways may be more important in specific cell 

types (46). In keeping with this notion psoriatic arthritis patients who have higher levels 

of IL-23 have also higher number of circulating CD16+ osteoclast precursors and increased 

CD16 expression was associated with a higher bone erosion activity in PsA (47). On the 

contrary, in rheumatoid arthritis patients the main osteoclast precursors seem to be identified 

in the CD14+CD16− fraction (48). Thus, these data suggest that alternative osteoclast 

differentiation pathways may occur in different arthritis patients depending on both the 

pathological pro-inflammatory signals and the unique inflammatory osteoclast precursors.

Additionally, as others have previously demonstrated that DAP12-ITAM mediated signaling 

is required for integrin signaling in neutrophils (49), -associated with skin inflammation 

in PsA-, and the IL-23R co-receptor IL-12Rβ1 also regulates many classes of ITAM-

bearing receptors in NK and T cells resulting in potent co-stimulatory signals (50, 51), 

it is anticipated that this pathway will have wider significance beyond inflammatory 

osteoclastogenesis
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Figure 1: IL-23 induces the expansion of MDL-1+ osteoclast precursors.
(A) Schematic presentation of GFP (control)/RANKL/IL-23 MC transfer model in 

WT mice. (B) Representative figure of integrated flow cytometry data showing the 

gating strategy of lineage−CSF1R+ cell used for unsupervised clustering with (C) 
tSNE plot and (D) FlowSOM based on expression levels of nine surface molecules, 

showing 10 distinct clusters. Size of each pie slices show the expression levels of 

each molecule. (E) Cell clusters post-GFP/RANKL/IL-23 MC gene transfer visualized 

in tSNE plot. (F) Representative gating strategy of three monocyte populations 

identified by FlowSOM, and (G) Mean Fluorescence Intensity (MFI) of MDL-1 among 

CX3CR1high and CD11c+ inflammatory monocytes, (H) percentage of CX3CR1low among 

CD11b+Ly6G−Ly6C+monocyte populations, and (I) MFI of RANK among CD11c+ 

Furuya et al. Page 13

Arthritis Rheumatol. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



monocyte population after GFP/RANKL/IL-23 MC transfer. Data represent mean ± SEM 

of single experiment. *P<0.05 by Mann-Whitney.
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Figure 2: IL-23 activates inflammatory DAP12 signaling in MDL-1+ IL-23R+ double positive 
cells.
(A) Confocal microscopy images of bone marrow derived macrophages from WT, 

IL-23RGFP+/+ and IL-23RGFP+/+Rag−/− mice stained with MDL-1 (anti-MDL-1-PE-Cyan), 

IL-23R (anti-GFP-FITC-Green), nucleus (DAPI-blue), and actin (DyLight 650-Phalloidin) 

showing MDL-1 and IL-23R co-localization (yellow) in macrophages and osteoclasts. 

Images are representative of three independent experiments. (B) Immunoprecipitations of 

DAP12 and/or (C) MDL-1 with total cell lysates of WT, IL-23RGFP+/+ and Mdl-1−/− derived 

BMMs stimulated with mouse rIL-23 (100 ng/ml) for 0, 5 mins, and immunoblotted with 

indicated antibodies showing DAP12 co-immunoprecipitation with MDL-1, IL-23R, STAT3, 

and SYK in WT lysates and lack of binding with DAP12 in either IL-23RGFP+/+ and 

Mdl-1−/− BMMs.
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Figure 3: MDL-1 regulates the myeloid PU.1 transcriptional program in RANKL signaling.
(A) TRAP staining of WT bone marrow derived cells cultured in indicated showing 

increased expression of (B) Mdl-1 and Acp5 during osteoclastogenesis. (C) Alkaline 

phosphatase (ALP) staining of nodules and (D) Alizarin red staining on 21 day cultures 

of calvaria-derived cells treated with ascorbic acid (ASC), β-glycerophosphate and 

dexamethasone (Dex) showing induction of osteoblast maturation and (E) expression 

of osteoblast differentiation markers independently of Mdl-1. (F-G) Hierarchical cluster 

analysis of selected genes with > 2-fold changes involved in (F) PU.1 pathway, (G) cell 

death and survival from microarray analysis of WT (n=9) and Mdl-1−/− (n=9) bone marrow 

cell stimulated with MCSF for 4 days. (H) Images of live/dead (Calcein/EthD1) staining and 

(I) fold change of macrophage survival (AlamarBlue assay) showing a lower survival rate of 

Mdl-1−/− macrophage. (J) Total cell lysates of WT and Mdl-1−/− derived BMMs stimulated 

with mouse rIL-23 (100 ng/ml) for indicated times, immunoblotted with indicated antibodies 
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and (K) protein band density showing significant differences of Erk, Akt, and NF-κB (p65) 

phosphorylation in Mdl-1−/− macrophages post-treatment. Data represent mean ± SEM of 

three independent experiments. *P<0.05; ** P<0.01; *** P<0.001 by Mann-Whitney.
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Figure 4: MDL-1 deficiency impairs osteoclast differentiation and bone resorption.
(A) TRAP stain of WT (n=4) and Mdl-1−/− (n=4) BMM cultured with MCSF and RANKL 

for indicated days showing delayed osteoclast maturation and (B) lower total number of 

TRAP+ multinucleated cells (MNCs) in Mdl-1−/− mice. Images are representative of three 

independent experiments. (C-E) Gene expression analysis showing reduced expression of 

osteoclast differentiation markers at day 6 and (F) osteoclast precursor at early (day 4) 

and late (day 8) time-point in Mdl-1−/− mice. (G-H) WT and Mdl-1−/− bone marrow cells 

cultured on dentine slices for 18 days with MCSF and RANKL showing (G) reduced 

dentine erosion surface area and (H) reduced depth of resorbed area by Mdl-1−/− osteoclasts. 

(I) TRAP stain of WT and Mdl-1−/− BMM cultured with MCSF, RANKL and IL-23 for 

indicated days showing delayed osteoclast maturation under inflammatory condition and (J) 
lower total number of TRAP+ MNCs in Mdl-1−/− mice. Images are representative of three 

independent experiments. (K-M) Gene expression analysis showing reduced expression of 
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osteoclast differentiation markers in Mdl-1−/− mice. Data represent mean ± SEM of two 

independent experiments. *P<0.05; ** P<0.01; *** P<0.001 by Mann-Whitney test.
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Figure 5: MDL-1 deficiency impairs osteoclast differentiation and bone loss in vivo.
(A-G) High resolution μCT analysis of 26-week old murine (A) femoral bone, (B) mid 

femur, (cortical bone) and (C) distal femur (trabecular bone) showing a significantly higher 

ratio of (D) the bone volume/tissue volume BV/TV, (E) Trabecular number, Tb.N, (F) 

Trabecular thickness, Tb.Th, (G) and Bone surface, BS (in Mdl-1−/− compared to WT mice. 

(H) Bone histomorphometry analysis showing lower osteoclast surface over bone surface 

area (Oc.S/BS), (I) lower type I collagen (CTX-1) serum levels (bone resorption marker) 

in Mdl-1−/−, (J) Von Kossa-stain with (K) Toluidine blue counterstain showing increased 

calcium deposits in representative bone images. Serum analysis of (L) RANKL, (M) OPG 

and (N) ratio of RANKL/OPG levels showing no significant changes between WT and 

Mdl-1−/− mice. Data represent mean ± SEM of two independent experiments. *P<0.05; ** 

P<0.01; *** P<0.001 by Mann-Whitney test.
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Figure 6: Schematic of IL-23 activation of MDL-1+ osteoclast precursors in inflammatory 
arthritis.
Graphical representation of IL-23 effect on the (1) expansion of MDL-1+IL-23r+ 

myeloid precursors which (2) differentiate into MDL-1+CX3CR1+RANK+ and 

MDL-1+CD11c+RANK+ inflammatory osteoclast precursors resulting in (3) enhancement of 

DAP12-costimulatory signaling, (4) and terminal differentiation of osteoclasts contributing 

to pathogenicity in inflammatory arthritis.
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