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Abstract

:

Inflammatory disorders are associated with bone destruction; that is, deterioration in bone cell activities are under the control of the innate immune system. Macrophages play a central role in innate immunity by switching their polarized phenotype. A disturbed immune system causes aberrance in the ordered bone matrix microarrangement, which is a dominant determinant of bone tissue functionalization. However, the precise relationship between the immune system and bone tissue organization is unknown. In this study, the controlled in vitro co-culture assay results showed that M1-polarized macrophages disrupted the osteoblast alignment, which directly modulate the oriented bone matrix organization, by secreting pro-inflammatory cytokines. Notably, interleukin-6 was found to be a key regulator of unidirectional osteoblast alignment. Our results demonstrated that inflammatory diseases triggered bone dysfunction by regulating the molecular interaction between the immune system and bone tissue organization. These findings may contribute to the development of therapeutic targets for inflammatory disorders, including rheumatoid arthritis.
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1. Introduction


Important bone functions, including providing structural support to the body and inner organs, are dominated by the unique microarrangement of the bone matrix component [1,2,3]. The ordered collagen/apatite microstructure is closely associated with innate and acquired factors that are related to bone metabolism [4,5], the mechanical environment [6,7], or abnormal cancerous cell functions [8,9]. These factors are controlled by mutual activities of bone cells, which include osteoblast–osteoclast coupling [10], cell motility [11,12], and osteocyte-mediated mechanosensing [13]. In particular, osteoblast arrangement is a direct contributor to the oriented construction of the bone matrix [14,15]. Impaired bone cell activities are linked to various bone diseases [16,17]. For example, inflammatory conditions are associated with osteoporosis and increased risk of fractures [18,19]. These inflammatory conditions elicit bone dysfunction by dysregulated cellular activities. The cytokines activated during the inflammatory process exert effects on bone cell activities and further induce bone loss. This is because the inflammatory related cytokines are operative in not only targeting the inflammatory healing process, but also stimulating osteoblast and osteoclast activation [20,21]. Importantly, inflammatory conditions related to the bone healing process or pathogenic stimuli result in the disorganized microstructure of the bone matrix [22], allowing us to hypothesize that the formation of the skeletal microstructure is under the control of the immune system. Moreover, the tumor microenvironment, which is closely related to inflammation, disrupted the osteoblast arrangement and further induced disorganization of the bone matrix microstructure [8].



The innate immune system is strictly regulated by macrophages [23], the specialized cells involved in the immune response. Macrophages play a central role in inflammation and the subsequent tissue rebuilding process by switching their phenotype; M1-polarized macrophages mediate the inflammatory reaction by producing pro-inflammatory cytokines, whereas M2-polarized macrophages participate in tissue repair and remodeling by producing anti-inflammatory cytokines [24]. M2 macrophages can be further divided into subsets, specifically M2a, M2b, M2c, and M2d based on the gene expression profiles [25]. Among them, M2a macrophages play anti-inflammatory, wound-healing functions. A number of cytokines play important roles in enforcing the innate immune system. Among them, interleukin-6 (IL-6) has long been recognized as a key modulator of the pro-inflammatory process, and it has recently been reported to be involved in modulating bone homeostasis in inflammatory diseases; in particular, it has been developed as a therapeutic target for immune disorders, including rheumatoid arthritis [26,27].



The cooperative relationship between bone tissues and the innate immune system is still not fully understood; hence, a novel approach targeting the molecular mechanisms underlying the bone dysfunction controlled under the immune system is imperative. In this study, an original co-culture model, combining osteoblast cultivation on an anisotropic collagen scaffold with the preferential alignment of collagen fibers and controlled macrophage polarization, was established. The collagen matrix plays an important role as a scaffold for cell adhesion during the tissue regeneration process; cellular responses against collagen alignment mirrors the biological functionality. That is, the evaluation of directional responses against scaffold collagen orientation allows us to understand the cellular ability to construct organized tissues or organs [14]. Further, we showed the unexpected association between osteoblast alignment and the immune system; macrophage activation regulated the ordered arrangement of osteoblast via the IL-6 signaling pathway.




2. Results


2.1. Macrophage Polarization


The novel co-culture system of oriented cultivation of osteoblasts and controlled polarization of macrophages was developed (Figure 1). Over five days of differentiation treatment, followed by three days of exposure to polarization stimuli, the monocytes were successfully polarized into M1 and M2a macrophages. Subtype-specific surface protein expression was exhibited by immunocytochemical analysis (Figure 2A).



Relative gene expression analysis revealed that the polarized macrophages showed statistically significant expression of subtype-specific marker genes, including Cxcl10, (chemokine (C-X-C motif) ligand 10), CD206 (cluster of differentiation 206, also known as a mannose receptor), NOS2 (nitric oxide synthase 2), and Tgm2 (transglutaminase 2) (Figure 2B).




2.2. The Effects of the Macrophage Subtype on Osteoblast Alignment


The isolated primary cells exhibited characteristics satisfying the osteoblast phenotype. By osteogenetic induction, the cells formed mineralized nodules, with increased alkaline phosphatase (ALP) activity and expression of osteoblast marker genes including collagen I (ColI), bone sialoprotein (BSP), and osteocalcin (OCN) (Figure 3), indicating that the isolated primary cells well reflect the osteoblastic phenotype. Under co-culture with polarized macrophages, the osteoblasts exhibited characteristic responses to the macrophages, depending on the subtype. Under co-culture with M0 or M2a macrophages, the osteoblasts exhibited a high degree of preferential alignment along the orientation of the collagen substrates, whereas under co-culture with M1 macrophages, the osteoblasts showed a significantly lower degree of cell alignment (Figure 4).




2.3. The Effects of IL-6 on Osteoblast Alignment


The gene expression and secreted protein levels of IL-6, the major immune system mediator, were significantly higher in M1 macrophages than in quiescent (M0) and M2a macrophages (Figure 5). IL-6 treatment significantly prompted osteoblast disarrangement. Intact osteoblasts exhibited a high degree of preferential alignment along the orientation of the substrates, whereas IL-6-stimulated cells exhibited a lower degree of alignment (Figure 6).





3. Discussion


The immune system shares several molecular pathways and cytokines responsible for the regulation of bone integrity [28]. Immunological defects induce abnormal bone phenotypes that accompany deteriorated bone functions. For example, osteopetrosis is caused by genetic defects related to macrophage differentiation; macrophage-colony stimulating factor (M-CSF)-deficient mice showed immunodeficiency and bone dysfunction related to disordered collagen/apatite preferential alignment [29]. Furthermore, inflammation-related tumorigenesis deteriorates the organized bone matrix microstructure [8]. In this study, the intriguing relationship between the immune system and osteoblast arrangement was elucidated for the first time. Importantly, osteoblast arrangement is a determinant factor for bone matrix orientation. Microstructural damage of the bone matrix is closely related to various physiological conditions, including implantation-related inflammation, the bone healing process, and autoimmune disorders. Macrophages play an important role in innate immunity against microbial infections [30], tumor progression [31], and tissue regeneration [32]. Macrophages undergo polarization into M1 or M2 subtypes in response to environmental factors; M1 macrophage activation is associated with inflammation, whereas M2 macrophage activation is related to matrix deposition and remodeling [25]. In this study, an anisotropic co-culture model, providing the directional responses of osteoblasts against polarized macrophages, was developed (Figure 1). M1 polarization was successfully controlled by lipopolysaccharide (LPS) and interferon-γ (IFN-γ), while M2a polarization was successfully controlled by IL-4 and IL-13. Cxcl10 and NOS2, the dominant pro-inflammatory marker genes, were significantly increased in M1 macrophages, whereas CD206 and Tgm2, the typical anti-inflammatory marker molecules, were significantly expressed in M2a macrophages (Figure 2).



Immunological abnormalities or deformities predispose bones to fracture, deteriorating the bone function normally secured by the anisotropic microstructure of the bone matrix [22]. The ordered microarrangement of the bone matrix is constructed by osteoblasts which represent the strictly-controlled unidirectional alignment [14,33]. Osteoblast arrangement is disturbed in pathological conditions, including cancer metastasis [11], resulting in the disordered bone matrix microstructure. Unidirectional osteoblast alignment is strictly controlled by focal adhesion assembly, which determines the directional organization of collagen/apatite [34]. The present study revealed the role of the relationship between macrophage activation and osteoblasts in controlling the anisotropic bone microstructure. Intact osteoblasts exhibited unidirectional alignment, along the orientation of the collagen substrates, via molecular interaction between the amino acid sequence of collagen and integrin receptors [35]. M0 and M2a macrophages exerted no significant effects on the osteoblast arrangement. In contrast, the arrangement of osteoblasts under indirect co-culture with M1 macrophages was significantly disturbed, indicating that pro-inflammatory cytokines altered the cytoskeletal organization and furthered the osteoblast alignment.



Among pro-inflammatory cytokines, IL-6 plays a central role in controlling immune homeostasis and inflammation [26,27]. During the tissue healing process, pro-inflammatory M1 macrophages, compared to M0 and M2a macrophages, secrete abundant levels of IL-6 (Figure 5). It should be noted that M2b macrophages also secrete pro-inflammatory cytokines including IL-6 [25], indicating the possibility of the involvement of M2b macrophages on organized osteoblast arrangement. Moreover, other pro-inflammatory cytokines including TNF-α (tumor necrosis factor-α) and IL-1β (interleukin-1β) can also be involved in control of osteoblast arrangement. Further experiments using conditioned medium in combination with IL-6 neutralizing antibody will be helpful, and it will be reported in our future study.



In this study, a novel role of IL-6 as a regulatory factor of osteoblast arrangement was discovered (Figure 6). IL-6 treatment of osteoblasts deteriorated the normal arrangement of cells along the orientation of the collagen substrates. IL-6 is recognized as an osteotropic cytokine, which acts through its membrane-associated receptor mIL-6R and soluble receptor sIL-6R; sIL-6R has been reported as being critical for IL-6 signaling in osteoblasts [36]. IL-6 exerts effects on osteoblast differentiation, thereby modulating osteogenesis by regulating the SHP2-related pathways [37]. Both the classical mIL-6R-mediated signaling pathway and the sIL-6R-mediated IL-6 trans-signaling pathway lead to the activation of the JAK/STAT signaling pathway, a major therapeutic target for immunological diseases including rheumatoid arthritis [38,39]. Recently, the IL-6/STAT pathway has been recognized as a regulator of cell adhesion molecules [40,41]. IL-6-stimulated JAK/STAT signaling likely disturbed the focal adhesion organization, resulting in osteoblast disarrangement. The present findings strongly suggested that IL-6 triggered bone dysfunction under inflammatory disease conditions by disrupting the osteoblast arrangement (Figure 7).




4. Materials and Methods


4.1. Fabrication of the Oriented Collagen Substrates


The oriented collagen substrates were prepared by the hydrodynamic extrusion method [14]. The deposition of porcine skin collagen type I (10 mg/mL in 0.02 N acetic acid; Nippi, Tokyo, Japan) in phosphate-buffered saline (PBS, 10× concentration) was controlled using a three-axis robotic arm (SM300-3A; Musashi Engineering, Tokyo, Japan), which could regulate the speed and direction of the collagen molecular fibrils.




4.2. Culture of Macrophages


Mouse monocytes J774.1 (1.3 × 105 cells/cm2) (RIKEN Cell Bank, Tsukuba, Japan) were cultured in RPMI medium (Nacalai Tesque, Kyoto, Japan) supplemented with 10% heat-inactivated fetal bovine serum (FBS) and penicillin–streptomycin (200 U/mL) for 5 d. M1 or M2 polarization of macrophages was stimulated by culturing the cells with IFN-γ (100 ng/mL; Invitrogen, CA, USA) and LPS (100 ng/mL; Sigma-Aldrich, MO, USA) or IL-4 (40 ng/mL; PeproTech, NJ, USA) and IL-13 (20 ng/mL, PeproTech), with a medium change at day 3.




4.3. Osteoblast Isolation and Culture


Primary osteoblasts were isolated from the calvariae of neonatal mice. Calvariae from neonatal C57BL/6 mice were excised under aseptic conditions and placed in ice-cold α-modified Eagle’s medium (α-MEM; GIBCO, Thermo Fisher Scientific, Waltham, MA, USA). The fibrous tissues around the bone were then gently removed. The extracted calvariae tissue were digested with collagenase (Fujifilm Wako, Osaka, Japan)/trypsin (Nacalai Tesque) repeated five times at 37 °C for 15 min each after cutting finely and washing with Hank’s balanced salt solution (HBSS). The obtained supernatants from the third to fifth treatments were collected in α-MEM. The obtained collections were filtered through a cell strainer (BD Biosciences, San Jose, CA, USA), centrifuged, and the supernatant was removed. The obtained filtrates were centrifuged, then the resulting pellets were resuspended in α-MEM containing 10% FBS. Cells were then diluted to 2.0 × 104 cells/mL and seeded into fabricated specimens. For osteogenic induction, the medium was changed twice a week, and after culturing for one week, the medium was supplemented to reach final concentrations of 10 mM β-glycerophosphate (Tokyo Kasei, Tokyo, Japan), 50 μg/mL ascorbic acid (Sigma-Aldrich), and 50 nM dexamethasone (MP Bioscience). All cells were cultured in a humidified incubator (Series 5400; NAPCO, NY, USA) containing 5% CO2 and 95% air at 37 °C. All animal experiments were approved by the Osaka University Committee for Animal Experimentation (approval number: 27-2-1, date of approval: 5/11/2016). All experiments were performed in accordance with the related guidelines and regulations for scientific and ethical animal experimentation.




4.4. Alizarin Red S Staining


Mineralized nodule formation was detected using alizarin red S staining. Cultured osteoblasts were washed with PBS and fixed in 10% formaldehyde for 20 min. After washing with distilled water, the cells were stained with 1% alizarin red S staining solution (Fujifilm) for 30 min. The excess dye was removed by washing three times with distilled water.




4.5. Anisotropic Co-Culture System


A novel anisotropic macrophage-osteoblast co-culture system was established using a combination of cell culture inserts (BD Biosciences), comprised of a polyethylene terephthalate membrane with 1-μm-pores, and artificially controlled oriented collagen substrates. M0, M1, or M2 macrophages were cultured in the upper compartment of the inserts. Primary osteoblasts (1.4 × 104 cells/cm2) were cultured on the oriented collagen substrates in the lower compartment of the inserts.




4.6. Fluorescence Imaging


After culturing for 3 d, the cells were incubated in PBS-0.05% Triton X-100 (PBST) containing 5% normal goat serum (Thermo Fisher Scientific) for 30 min to block the non-specific antibody-binding sites. The cells were incubated with mouse monoclonal antibodies against vinculin (Sigma-Aldrich) at 4 °C for 12 h and then Alexa Fluor 546-conjugated anti mouse IgG (Molecular Probes, Invitrogen, Thermo Fisher Scientific), Alexa Fluor 488-conjugated phalloidin (Molecular Probes, Invitrogen), and Hoechst33342 (Nacalai Tesque). Finally, the cells were washed with PBST and mounted in the Prolong Diamond Antifade reagent (Thermo Fisher Scientific). Fluorescent images were obtained using a fluorescence microscope (BZ-X710; Keyence, Osaka, Japan).




4.7. Quantitative Analysis of Cell Alignment


The orientation of osteoblasts on the oriented collagen substrates, in relation to the running direction of the collagen fibers in the substrate, was examined by taking photographs of the fluorescent-stained cells with magnification (objective lens: 20×) for 30 images per group (n = 5). Cell orientation (θ) was quantitatively analyzed using the Cell Profiler software (Broad Institute, Cambridge, MA, USA) (Figure 2a). The degree of cell orientation was determined using the following equation [11]:


r = 2{(cos2θ)−1/2}



(1)




where the calculated r indicates the degree of cell orientation, where r = 0 for random orientation and r = 1 for completely aligned distribution. For the analysis of the effects of IL-6 treatment on osteoblasts, the cells were treated with IL-6 (1000 ng/mL; R&D Systems, MN, USA). After culturing for 3 d, the cells were fixed and visualized by immunocytochemistry, as described above. The degree of cell alignment was then quantitatively analyzed.




4.8. Gene Expression and Protein Secretion Analysis


For gene expression analysis, total RNA was extracted from the macrophages using TRIzol reagent (Thermo Fisher Scientific), according to the manufacturer’s instructions. The quality of extracted RNA was evaluated with absorption ratio of 260/280 nm and 260/230 nm. Gene expression profiling was determined via quantitative reverse transcription-polymerase chain reaction (qRT-PCR) (Step One RT-PCR; Applied Biosystems, CA, USA). Relative change in the gene expression was calculated using the ΔCt method, where Ct is threshold cycle. The expression level was normalized by Gapdh as a housekeeping gene. Primers and probes for the targeted genes used for the Taqman Gene Expression Assays were as follows: Gapdh, Mm99999915_g1; ColI, Mm00801666_g1, BSP, Mm00492555_m1, OCN, Mm03413826_mH, Cxcl10, Mm00445235_m1; CD206, Mm01329362_m1; NOS2, Mm00440502_m1; Tgm2, Mm00436979_m1; IL-6, Mm00446190_m1. Alkaline phosphatase (ALP) activity was measured at 7, 14, 21, and 28 days of osteoblast culture using a colorimetric enzymatic assay (Abcam, Cambridge, UK) following the manufacturer’s instructions. Colorimetric intensity at excitation wavelengths of 405 nm was measured using a spectrophotometer (Multiskan Sky, Thermo Fisher Scientific). The measured value was normalized to total protein concentration determined BCA protein assay (Thermo Fisher Scientific). For enzyme-linked immunosorbent assay (ELISA) analysis, the culture medium of macrophages was collected and centrifuged at 2000× g for 10 min after culturing for 3 d for stimulation of polarization. IL-6 secretion was measured using the mouse-specific IL-6 ELISA Kit (Abcam, Cambridge, UK), according to the manufacturer’s instructions.




4.9. Statistical Analysis


Statistical significance between two groups was tested using the Student’s t-test or Welch’s t-test. Tukey’s multiple test was applied for three or more groups. A significance of p < 0.05 was required for rejecting the null hypothesis.





5. Conclusions


The molecular interactions between the immune system and bone organization remained unsolved. We discovered a novel function of M1-polarized macrophages in controlling osteoblast arrangement. Notably, IL-6 determined the degree of osteoblast alignment. Our findings will open new strategies for developing pharmacological targets for the treatment of non-established microstructural recovery of bone tissue in relation to inflammatory diseases, contributing to the resumption of osteoblast arrangement.







Author Contributions


Conceptualization, T.N. and A.M.; Methodology, T.N. and A.M.; Validation, T.N. and A.M.; Investigation, S.M. and A.M.; Data Curation, S.M. and A.M.; Writing—Original Draft Preparation, A.M.; Writing—Review and Editing, N.T.; Visualization, S.M. and A.M.; Supervision, T.N.; Project Administration, T.N.; Funding Acquisition, T.N. and A.M. All authors read and approved the final version of the manuscript.




Funding


This research was funded by the Grants-in-Aid for Scientific Research, grant numbers 18H05254, 18H02994, 20H00308, and 20K21087.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Nakano, T.; Kaibara, K.; Ishimoto, T.; Tabata, Y.; Umakoshi, Y. Biological apatite (BAp) crystallographic orientation and texture as a new index for assessing the microstructure and function of bone regenerated by tissue engineering. Bone 2012, 51, 741–747. [Google Scholar] [CrossRef] [PubMed]

	



Nakano, T.; Kaibara, K.; Tabata, Y.; Nagata, N.; Enomoto, S.; Marukawa, E.; Umakoshi, Y. Unique alignment and texture of biological apatite crystallites in typical calcified tissues analyzed by microbeam X-ray diffractometer system. Bone 2002, 31, 479–487. [Google Scholar] [CrossRef]

	



Liebi, M.; Georgiadis, M.; Menzel, A.; Schneider, P.; Kohlbrecher, J.; Bunk, O.; Guizar-Sicairos, M. Nanostructure surveys of macroscopic specimens by small-angle scattering tensor tomography. Nature 2015, 527, 349352. [Google Scholar] [CrossRef] [PubMed]

	



Tanaka, M.; Matsugaki, A.; Ishimoto, T.; Nakano, T. Evaluation of crystallographic orientation of biological apatite in vertebral cortical bone in ovariectomized cynomolgus monkeys treated with minodronic acid and alendronate. J. Bone Miner. Metab. 2016, 34, 234–241. [Google Scholar] [CrossRef] [PubMed]

	



Iwasaki, Y.; Kazama, J.J.; Yamato, H.; Matsugaki, A.; Nakano, T.; Fukagawa, M. Altered material properties are responsible for bone fragility in rats with chronic kidney injury. Bone 2015, 81, 247–254. [Google Scholar] [CrossRef]

	



Wang, J.; Ishimoto, T.; Nakano, T. Unloading-Induced Degradation of the Anisotropic Arrangement of Collagen/Apatite in Rat Femurs. Calcif. Tissue Int. 2017, 100, 87–94. [Google Scholar] [CrossRef]

	



Noyama, Y.; Nakano, T.; Ishimoto, T.; Sakai, T.; Yoshikawa, H. Design and optimization of the oriented groove on the hip implant surface to promote bone microstructure integrity. Bone 2013, 52, 659–667. [Google Scholar] [CrossRef]

	



Sekita, A.; Matsugaki, A.; Nakano, T. Disruption of collagen/apatite alignment impairs bone mechanical function in osteoblastic metastasis induced by prostate cancer. Bone 2017, 97, 83–93. [Google Scholar] [CrossRef]

	



Sekita, A.; Matsugaki, A.; Ishimoto, T.; Nakano, T. Synchronous disruption of anisotropic arrangement of the osteocyte network and collagen/apatite in melanoma bone metastasis. J. Struct. Biol. 2017, 197, 260–270. [Google Scholar] [CrossRef]

	



Ishimoto, T.; Sato, B.; Lee, J.-W.; Nakano, T. Co-deteriorations of anisotropic extracellular matrix arrangement and intrinsic mechanical property in c-src deficient osteopetrotic mouse femur. Bone 2017, 103, 216–223. [Google Scholar] [CrossRef]

	



Kimura, Y.; Matsugaki, A.; Sekita, A.; Nakano, T. Alteration of osteoblast arrangement via direct attack by cancer cells: New insights into bone metastasis. Sci. Rep. 2017, 7, 44824. [Google Scholar] [CrossRef] [PubMed]

	



Matsugaki, A.; Harada, T.; Kimura, Y.; Sekita, A.; Nakano, T. Dynamic Collision Behavior Between Osteoblasts and Tumor Cells Regulates the Disordered Arrangement of Collagen Fiber/Apatite Crystals in Metastasized Bone. Int. J. Mol. Sci. 2018, 19, 3474. [Google Scholar] [CrossRef] [PubMed]

	



Matsugaki, A.; Matsuzaka, T.; Murakami, A.; Wang, P.; Nakano, T. 3D Printing of Anisotropic Bone-Mimetic Structure with Controlled Fluid Flow Stimuli for Osteocytes: Flow Orientation Determines the Elongation of Dendrites. Int. J. Bioprint. 2020, 6, 293. [Google Scholar] [CrossRef]

	



Matsugaki, A.; Isobe, Y.; Saku, T.; Nakano, T. Quantitative regulation of bone-mimetic, oriented collagen/apatite matrix structure depends on the degree of osteoblast alignment on oriented collagen substrates. J. Biomed. Mater. Res. 2015, 103, 489–499. [Google Scholar] [CrossRef]

	



Ozasa, R.; Matsugaki, A.; Isobe, Y.; Saku, T.; Yun, H.-S.; Nakano, T. Construction of human induced pluripotent stem cell-derived oriented bone matrix microstructure by using in vitro engineered anisotropic culture model. J. Biomed. Mater. Res. 2018, 106, 360–369. [Google Scholar] [CrossRef]

	



Dussold, C.; Gerber, C.; White, S.; Wang, X.; Qi, L.; Francis, C.; Capella, M.; Courbon, G.; Wang, J.; Li, C.; et al. DMP1 prevents osteocyte alterations, FGF23 elevation and left ventricular hypertrophy in mice with chronic kidney disease. Bone Res. 2019, 7, 12. [Google Scholar] [CrossRef]

	



Ozasa, R.; Ishimoto, T.; Miyabe, S.; Hashimoto, J.; Hirao, M.; Yoshikawa, H. Osteoporosis Changes Collagen/Apatite Orientation and Young’s Modulus in Vertebral Cortical Bone of Rat. Calcif. Tissue Int. 2019, 104, 449–460. [Google Scholar] [CrossRef]

	



Briot, K.; Geusens, P.; Bultink, I.E.; Lems, W.F.; Roux, C. Inflammatory diseases and bone fragility. Osteoporos Int. 2017, 28, 3301–3314. [Google Scholar] [CrossRef]

	



Li, G.; Chen, M.; Li, X.; Cesta, A.; Lau, A.; Thabane, L. Frailty and risk of osteoporotic fractures in patients with rheumatoid arthritis: Data from the Ontario Best Practices Research Initiative. Bone 2019, 127, 129–134. [Google Scholar] [CrossRef]

	



Croes, M.; Öner, F.C.; van Neerven, D.; Sabir, E.; Kruyt, M.C.; Blokhuis, T.J.; Dhert, W.J.A.; Alblasa, J. Proinflammatory T cells and IL-17 stimulate osteoblast differentiation. Bone 2016, 84, 262–270. [Google Scholar] [CrossRef]

	



Madel, M.; Ibáñez, L.; Wakkach, A.; De Vries, T.J.; Charles, J. Immune Function and Diversity of Osteoclasts in Normal and Pathological Conditions. Front. Immunol 2019, 10, 1–18. [Google Scholar] [CrossRef] [PubMed]

	



Ishimoto, T.; Nakano, T.; Umakoshi, Y.; Yamamoto, M.; Tabata, Y. Degree of biological apatite c-axis orientation rather than bone mineral density controls mechanical function in bone regenerated using recombinant bone morphogenetic protein-2. J. Bone Miner. Res. 2013, 28, 1170–1179. [Google Scholar] [CrossRef] [PubMed]

	



Germic, N.; Frangez, Z.; Yousefi, S.; Simon, H.U. Regulation of the innate immune system by autophagy: Monocytes, macrophages, dendritic cells and antigen presentation. Cell Death Differ. 2019, 26, 715–727. [Google Scholar] [CrossRef] [PubMed]

	



Murray, P.J. Macrophage Polarization. Annu. Rev. Physiol. 2017, 79, 541–566. [Google Scholar] [CrossRef]

	



Wang, L.X.; Zhang, S.X.; Wu, H.J.; Rong, X.L.; Guo, J. M2b macrophage polarization and its roles in diseases. J. Leukoc. Biol. 2019, 106, 345–358. [Google Scholar] [CrossRef]

	



Tanaka, T.; Narazaki, M.; Kishimoto, T. IL-6 in Inflammation, Immunity, and Disease. Cold Spring Harb. Perspect. Biol. 2014, 6, a016295. [Google Scholar] [CrossRef]

	



Jones, S.A.; Jenkins, B.J. Recent insights into targeting the IL-6 cytokine family in inflammatory diseases and cancer. Nat. Rev. Immunol. 2018, 18, 773–789. [Google Scholar] [CrossRef]

	



Tsukasaki, M.; Takayanagi, H. Osteoimmunology: Evolving concepts in bone-immune interactions in health and disease. Nat. Rev. Immunol. 2019, 19, 626–642. [Google Scholar] [CrossRef]

	



Lee, J.-W.; Nakano, T.; Toyosawa, S.; Tabata, Y.; Umakoshi, Y. Areal distribution of preferential alignment of biological apatite (BAp) crystallite on cross-section of center of femoral diaphysis in osteopetrotic (op/op) mouse. Mater. Trans. 2007, 48, 337–342. [Google Scholar] [CrossRef]

	



Bah, A.; Vergne, I. Macrophage Autophagy and Bacterial Infections. Front. Immunol 2017, 8, 1–9. [Google Scholar] [CrossRef]

	



Zhou, J.; Tang, Z.; Gao, S.; Li, C.; Feng, Y.; Zhou, X. Tumor-Associated Macrophages: Recent Insights and Therapies. Front. Oncol. 2020, 10, 188. [Google Scholar] [CrossRef] [PubMed]

	



Wynn, T.A.; Vannella, K.M. Review Macrophages in Tissue Repair, Regeneration, and Fibrosis. Immunity 2016, 44, 450–462. [Google Scholar] [CrossRef] [PubMed]

	



Matsugaki, A.; Aramoto, G.; Ninomiya, T.; Sawada, H.; Hata, S.; Nakano, T. Abnormal arrangement of a collagen/apatite extracellular matrix orthogonal to osteoblast alignment is constructed by a nanoscale periodic surface structure. Biomaterials 2015, 37, 134–143. [Google Scholar] [CrossRef] [PubMed]

	



Nakanishi, Y.; Matsugaki, A.; Kawahara, K.; Ninomiya, T.; Sawada, H.; Nakano, T. Biomaterials Unique arrangement of bone matrix orthogonal to osteoblast alignment controlled by Tspan11-mediated focal adhesion assembly. Biomaterials 2019, 209, 103–110. [Google Scholar] [CrossRef]

	



Davis, G.E. Affinity of integrins for damaged extracellular matrix: αvβ3 binds to denatured collagen type I through RGD sites. Biochem. Biophys. Res. Commun. 1992, 182, 1025–1031. [Google Scholar] [CrossRef]

	



Li, Y.; Bäckesjö, C.-M.; Haldosén, L.-A.; Lindgren, U. IL-6 receptor expression and IL-6 effects change during osteoblast differentiation. Cytokine 2008, 43, 165–173. [Google Scholar] [CrossRef]

	



Kaneshiro, S.; Ebina, K.; Shi, K.; Higuchi, C. IL-6 negatively regulates osteoblast differentiation through the SHP2/MEK2 and SHP2/Akt2 pathways in vitro. J. Bone Miner. Metab. 2014, 32, 378–392. [Google Scholar] [CrossRef]

	



Malemud, C.J. The role of the JAK/STAT signal pathway in rheumatoid arthritis. Ther. Adv. Musculoskelet. Dis. 2018, 10, 117–127. [Google Scholar] [CrossRef]

	



Yamaoka, K. Janus kinase inhibitors for rheumatoid arthritis. Curr. Opin. Chem. Biol. 2016, 32, 29–33. [Google Scholar] [CrossRef]

	



Wei, Z.; Jiang, W.; Wang, H.; Hali, L.; Tang, B.; Liu, B.; Jiang, H.; Sun, X. The IL-6/STAT3 pathway regulates adhesion molecules and cytoskeleton of endothelial cells in thromboangiitis obliterans. Cell Signal. 2018, 44, 118–126. [Google Scholar] [CrossRef]

	



Dian, F.H.; Hua, B.; Wang, S.Y. IL-6 increases podocyte motility via MLC-mediated focal adhesion impairment and cytoskeleton disassembly. J. Cell Physiol. 2018, 233, 7173–7181. [Google Scholar]








[image: Ijms 21 06659 g001 550] 





Figure 1. A novel co-culture platform combining the anisotropic cultivation of osteoblasts on oriented collagen substrates and the controlled polarization of macrophages is shown. 
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Figure 2. (A) Immunocytochemical analysis of Cxcl10 and CD206 marker expression in M1- and M2-subtype macrophages, respectively, is shown. (B) Gene expression analysis of Cxcl10 and NOS2 as M1 marker genes and CD206 and Tgm2 as M2 marker genes is shown; ** p < 0.01. 
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Figure 3. (A) Mineralized nodules were visualized by alizarin red S staining. (B) Gene expression analysis of osteoblast marker molecules. ColI, collagen I; BSP, bone sialoprotein; OCN, osteocalcin. (C) ALP activity depending on the cultivation period is shown. * p < 0.05, ** p < 0.01. 






Figure 3. (A) Mineralized nodules were visualized by alizarin red S staining. (B) Gene expression analysis of osteoblast marker molecules. ColI, collagen I; BSP, bone sialoprotein; OCN, osteocalcin. (C) ALP activity depending on the cultivation period is shown. * p < 0.05, ** p < 0.01.



[image: Ijms 21 06659 g003]







[image: Ijms 21 06659 g004 550] 





Figure 4. (A) Osteoblast alignment, along the orientation of the collagen substrates (indicated by bidirectional arrows), under co-culture with polarized macrophages is shown. The angular cell distribution is shown below the corresponding images. (B) Degree of osteoblast alignment was analyzed against the collagen substrate orientation. The comparison of osteoblast alignment with different types of polarized macrophages is shown; ** p < 0.01. 
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Figure 5. Quantitative comparison of the (A) gene expression and (B) secreted protein levels of IL-6 among the three types of polarized macrophages is shown; ** p < 0.01. 
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Figure 6. (A) Osteoblast alignment, along the orientation of the collagen substrates (indicated by bidirectional arrows), after IL-6 treatment is shown. The angular cell distribution is shown below the corresponding images. (B) The degree of cell alignment is compared between the vehicle and IL-6-treated osteoblasts; ** p < 0.01, vs. vehicle. 
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Figure 7. A hypothesized mechanism of pathological stimuli-induced disorganization of bone tissue. A novel function of M1-polarized macrophages in controlling osteoblast arrangement was discovered. Interleukin-6 was found to control osteoblast alignment, which is a direct determinant of the anisotropic bone matrix microarrangement. 
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