BLCs

Bone lining cells CA II Carbonic anhydrase CBP Sarcoplasmic calcium-binding protein C/EBP CAAT

Acknowledgement

Firstly, I would like to thanks Region Rhône-Alpes for their finical support during my PhD program. As I wish to express my sincere gratitude to a lot of people, who help me to finish this PhD project. First I would like to express my deep gratitude to Pr. Pierre MIOSSEC my research supervisors, for his patient guidance, enthusiastic encouragement and useful critiques of this research work. Also, I would like to express my very great appreciation to Dr. Assia ELJAAFARI for her advice, assistance and constructive suggestions during the planning and development of this research work. Her willingness to give her time so generously has been very much appreciated.

My grateful thanks are also extended to Dr. Gulia for her advice, and helping in finalizing the manuscript. And of course special thanks for Dr. Ndieme and Fabien for their help in offering me the resources in running the program, splitting cells, data analysis and last but not least for the funny time that we spend it together. And of course I can't forget Thomas, Paola, Melissa and Pr.Arnaud for their kindness and motivating me.

I would like to further acknowledge all BioMerieux equip for sharing the platform, equipments, and advices. Special thanks for Babeth and Marie, who taught me a lot about words, excel and were always patient to hear me. I would also like to thanks the staff of UMR INSERM 1033 -Physiopathology, Diagnostic and Treatments of bone diseases for enabling me to visit their platform and taught me how to perform histomorphometric studies, really I would like to thanks from my heart all the equip for their hospitality, advices and training.

Especially Jean PAUL-ROUX (PAP-II), Marlene, Dr. Pascale CHAVASSIEUX and of course Dr. George BOVIN.

Finally, an honorable mention with grateful thanks goes to my parents and my wife Hejar for their Doaa, motivation and for pushing me through the tough moments of my PhD. 

Résumé de la thèse en Français

L'interleukine-17A (IL-17A) et le facteur de nécrose tumorale alpha (TNF-α) sont des cytokines pro-inflammatoires impliquées dans la pathogénèse de plusieurs maladies articulaires. Au cours de la polyarthrite rhumatoïde (PR), une augmentation de la destruction osseuse ainsi qu'un defaut de réparation sont responsables des dommages articulaires. Cependant au cours de la spondylarthrite ankylosante (AS), une importante ossification ectopique est observée, conduisant à la formation de syndesmophytes, associé à une perte de la masse osseuse systémique. Récemment, l'étude de ces cytokines a conduit à la publication de résultats contradictoires. Notre objectif a donc été d'étudier l'effet de ces deux cytokines sur la différenciation ostéogénique de cellules souches mésenchymateuses humaines isolées (hMSCs) et de fibroblastes de la membrane synoviale (FLS).

Nos résultats ont montré que l'IL-17A et le TNF-α agissent de façon synergique pour induire la différenciation ostéogénique des hMSCs via une augmentation de l'expression du récepteur II au TNF. Nous avons observé (i) une augmentation de l'expression de BMP2 dans les étapes précoces de la différenciation ostéogénique, (ii) une modulation plus tardive de l'expression de DKK-1 et (iii) une stimulation des dépôts de matrice minéralisée. Pour les FLS, lorsque nous avons comparé les FLS non inflammatoires provenant de donneurs sains et de patients souffrant d'arthrose avec les FLS inflammatoires de patients atteints de PR, nous avons observé que la combinaison de ces deux cytokines a entraîné une augmentation de la minéralisation et de l'expression de gènes impliqués dans la différenciation ostéogénique. Cependant, les FLS de PR produisent des taux tres élevés d'IL-6 et d'IL-8 associés à une expression stable de RANKL dans ces cellules. Ceci conduit probablement à l'activation d'ostéoclastogénèse. Enfin, une étude ex-vivo sur des biopsies osseuses, où ostéoblastes et ostéoclastes ainsi que d'autres cellules coexistent, n'a pas mis en évidence de différence sur les taux des marqueurs de la destruction osseuse (CTX ou dans l'activité de la phosphatase alcaline). Par contre, après stimulation avec l'IL-17A et le TNF-α, les niveaux d'IL-6 augmentent tandis que le rapport volume osseux/volume du tissu tend à diminuer. Ces résultats suggèrent que les ostéoblastes et ostéoclastes sont activés à différents niveaux, tandis qu'in vivo, les interactions sont probablement plus complexes.

Pour conclure, tous les modèles de cellules utilisés, ont démontré que l'IL-17A et le TNF-α augmentent de manière synergique l'ostéogénèse. Ceci semble se rapprocher du modèle de l'AS où une formation d'os ectopique est observée dans laquelle l'IL-17A et le TNF-α jouent un role majeur. En parallèle, ces deux cytokines stimulent localement les ostéoclastes, entraînant une perte de masse osseuse observée à la fois dans la PR et dans l'ostéoporose. Cibler simultanément l'IL-17A et le TNF-α pourrait conduire à une diminution de l'infiltration de cellules et de la destruction articulaire observée dans la PR et pourrait ainsi réduire les effets des FLS PR sur l'activation de l'ostéoclastogénèse.

Abstract of the thesis in English

Interleukin-17A (IL-17A) and tumor necrosis factor alpha (TNF-α) are pro-inflammatory cytokines involved in the pathogenesis of several arthritic diseases. In rheumatoid arthritis (RA), joint damage is a result of an increase in bone destruction and a decrease in bone repair. In contrast, in ankylosing spondylitis (AS), a bone mass loss accompanied by a significant ectopic ossification is observed leading to the formation of syndesmophytes. Recent studies led to contradictory findings regarding the role of IL-17A and TNF-α in arthritic disease. Therefore, our objective was to study the effect of these two cytokines on the osteogenic differentiation of isolated human mesenchymal stem cells (hMSCs) and fibroblasts of the synovial membrane (FLS).

In this study, IL-17A and TNF-α acted synergistically to induce the osteogenic differentiation of hMSCs via increased expression of the TNF receptor II (TNF-RII). We observed (i) an increase in the expression of BMP2 in the early stages of the osteogenic differentiation, (ii) a late modulation in the expression of DKK-1 and (iii) the stimulation of mineralized matrix deposition. In FLS, when we compared non-inflammatory FLS from healthy and osteoarthritis patients and inflammatory FLS from RA patients, we observed that the combination of the two cytokines resulted in increased mineralization and increased expression of genes involved in osteogenic differentiation. However, RA FLS produced highly levels of IL-6 and IL-8 and that the expression of RANKL was stabilized in those cells. This RANKL stabilization most likely led to activation of osteoclastogenesis. Finally, a study on ex-vivo bone biopsies, where osteoblasts, osteoclasts and other cells coexist, did not reveal any difference in the rate of bone destruction marker CTx or in the activity of alkaline phosphatase. However, after stimulation with IL-17A and TNF-α, IL-6 levels increased while the bone/ tissue volume ratio decreased. These results led us to postulate that osteoblasts and osteoclasts are activated at different levels and that in vivo interactions are probably more complex.

In conclusion, in all the cell models used, we demonstrated that Il-17A and TNF-α synergistically increase osteogenesis. This seems to approach the model of AS where ectopic bone formation is observed and in which IL-17A and TNF-α both are involved. These cytokines stimulate osteoclasts locally resulting in loss of bone mass observed in both RA and osteoporosis. Thus, targeting IL-17A and TNF-α could lead to a decrease in cell infiltration and joint destruction which is observed in RA and may reduce the effects of RA FLS on the activation of osteoclastogenesis. . Tables Table 1: Case studies and clinical application of MSCs In this research, we studied the effects of these two cytokines, IL-17A and TNF-α, on (i) osteogenic differentiation of isolated human mesenchymal stem cells, .and (ii) fibroblasts like synoviocytes (FLS) which are abundantly found in inflammation site and mesenchymal in origin. We also developed an ex-vivo model (explant) to check the effects of the two cytokines on the bone compartment in the presence of both cell type osteoclasts and osteoblasts.
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Human Bone tissue

Embryonic Development of Bone

During fetal development the skeletal system is developed from three distinct origins: 1)

the paraxial mesoderm gives rise to the axial skeleton (vertebrae and ribs); 2) the lateral plate mesoderm gives rise to the appendicular skeleton (limb skeleton); and 3) the cranial neural crest, which is derived from the ectoderm, gives rise to the craniofacial skeleton [1].

Development of bone tissue occurs via two different processes: intramembranous and endochondral ossification. During the phase of intramembranous ossification, mesenchymal cells condense and directly differentiate to become osteoblasts that lay down bone matrix [START_REF] Franz-Odendaal | Induction and patterning of intramembranous bone[END_REF].

This process takes place in several craniofacial bones and in the lateral part of clavicles [START_REF] Nakashima | Transcriptional mechanisms in osteoblast differentiation and bone formation[END_REF].

During the phase of endochondral ossification, mesenchymal cells condense in the center of the developing limp node and directly differentiate to become chondroblasts that synthesize a cartilage model. This cartilage model, in turn, is then replaced by bone and bone marrow [START_REF]Primer on the Metabolic Bone Diseases and Disorders of Mineral Metabolism[END_REF].

The endochondrol ossification process takes place in the long bones of the limbs, basal part of the skull, vertebrae, ribs, and medial part of the clavicles [START_REF] Nakashima | Transcriptional mechanisms in osteoblast differentiation and bone formation[END_REF][START_REF] Clarke | Normal bone anatomy and physiology[END_REF]. The main difference between the two types of ossification mentioned above is the presence of a cartilaginous precursor template in the endochondral ossification phase that is absent in intramembranous ossification phase.

Bone tissue and function

Bone tissue is classified as a connective tissue. It is made up of scattered cells that are abundant in extracellular matrix. This matrix is mainly composed of collagen type 1 mineralization that, in combination with cartilage, makes the skeletal system. The skeletal system serves four main functions: 1) A mechanical function as support and site of muscle attachment for locomotion, 2) a protective function for vital organs and bone marrow, 3) provides a source to maintain mineral homeostasis particularly for calcium and phosphate; acid-base balance, and finally 4) serves as a source of growth factors, cytokines, and provides, within the marrow spaces, the environment for hematopoiesis [START_REF] Clarke | Normal bone anatomy and physiology[END_REF][START_REF] Taichman | Blood and bone: two tissues whose fates are intertwined to create the hematopoietic stem-cell niche[END_REF][START_REF] Drueke | Homéostasie du calcium et du phosphate[END_REF]. These lamella consist of type I collagen fibers and wherein calcium and calcium phosphate are deposited to form hydroxyapatite crystals. These collagen fibers are composed of fibrils that are morphologically characterized by periodic shells visible under electron microscopy. This mineralized matrix represents 90% of the bone tissue weight. The remaining 10% comes from other fundamental substances that are composed of diverse non-collagen proteins (osteocalcin, osteonectine, sialoprotein…etc), cytokines [START_REF] Mundy | Cytokines and growth factors in the regulation of bone remodeling[END_REF], lipids and proteoglycan. The noncollagenous proteins are at present under investigation, because of their importance in bone physiology. While playing a crucial role in binding of hydroxyapatite crystal to collagen fiber, osteocalcin seems to be involved in regulating mineralization phenomena.

Different bone tissue compartments

In adults, a bone tissue has two bone compartments: the first one is the cortical bone compartment that has a dense morphology. The other one is the trabecular bone compartment.

It has a spongy morphology and is labeled the sponge bone. It also has a hexagonal threedimensional cellular structure embracing the bone marrow.

The cortical bone makes up the epiphysis, metaphysis, and diaphysis of the long bones, and the envelope of plates and short bone. Spongy bone however makes up the interior part of epiphysis and metaphysis of long, flat, and short bones as illustrated in figure 2.

A-Cortical bone

Bone tissues are not made up of uniformly solid materials but rather constitute spaces between hard elements. Most bones have a thick and well organized outer shell known as the cortex (also known as compact bone) and they comprise 80% of human skeleton. The cortex has a slow turnover rate and a high resistance to bending and torsion. The cortical bone is made up of a dense and thick layer of mineralized tissue constituting the outer part of a bone piece (Figure .2). It surrounds the medullary cavity and trabecular bone. The major part of the cortical bone is calcified which provides mechanical strength and protection, as well as regulates metabolic responses particularly under conditions of severe or prolonged mineral deficiency [START_REF] Augat | The role of cortical bone and its microstructure in bone strength[END_REF].

B-Trabecular bone

Trabecular bone also known as cancellous or spongy bone, makes up 20% of the skeletal mass. It has a higher surface area to mass ratio. Compared to cortical bone, it is less dense, more elastic, and has a higher turnover. Trabecular bone exhibits a major metabolic function of calcium-ions exchange [12]. Cancellous bone is typically found on the ends parts of long bones, proximal to joints and within the interior of vertebrae (Figure .2). Cancellous bone is highly vascularized and frequently contains red bone marrow where hematopoiesis occurs.

The primary anatomical and functional unit of cancellous bone is the trabecula.

Ratio of cortical to trabecular bone varies according to age and skeletal site. In adults, approximately 80% of the skeleton is composed of cortical bone and 20% of trabecular bone.

However, the relative proportion between these two types, cortical and trabecular varies within skeletal parts. For example, the ratio of cortical bone to trabecular bone is 20 to 75 in human vertebrae, 50 to 50 in femoral head and 95 to 5 in radius in the diaphysis [START_REF] Dempster | Anatomy and functions of the adult skeleton[END_REF].

Bone classification

Anatomically, there are several types of skeletal bones. These are long (femur, humerus, radius, tibia ...), flat (skull, scapula, coast, mandible, calvarias ...), and short bones (ilium, vertebra ...) [START_REF] Clarke | Normal bone anatomy and physiology[END_REF]. In addition to morphology, these bone types also differ in their mechanism of ossification during development. Flat bones are formed via membranous ossification while the development of bone tissue is directly from the surrounding mesenchymal cells without cartilaginous precursors. Short and long bones show a combination of membranous and endochondral ossification. The long bones are formed via endochondral ossification as an earlier step. More specifically, the long bones grow on a cartilaginous model that calcifies and is then gradually replaced by bone tissue. Long bones are predominantly distributed in the axial skeleton while short bones are distributed in the appendicular skeleton [START_REF] Mackie | Endochondral ossification: how cartilage is converted into bone in the developing skeleton[END_REF].

Bone tissue composition

Bones make up the largest proportion of the body's connective tissue mass. Unlike most other connective tissue matrices, bone matrix is not only physiologically mineralized, but also unique in being constantly regenerated throughout life as a consequence of bone turnover.

Unlike most of the tissue, the extracellular matrix of the bone is mineralized by calcium salts in form of hydroxyapatite that gives the bone tissue a stiffness characteristic [START_REF] Glimcher | The nature of the mineral phase in bone: Biological and clinical implications[END_REF].

A-Organic bone matrix

The organic matrix of bone tissue is the protein matrix that interacts with the mineral phase. Ninety per cent of the organic matrix is composed of type I collagen while the remaining ten per cent is composed of other types of collagen-like material (Collagen III and V), proteoglycans and numerous non-collagenous proteins [START_REF] Hall | Basic Biomechanics[END_REF].

Collagen

Bone matrix fiber network is mainly composed of type I collagen also known as fibrillar collagen. Type I collagen is a ubiquitous protein heterotrimer composed of triple-helical molecules that contains two identical α1 chains and, a structurally similar but genetically different α2 chain [START_REF] Brodsky | Molecular structure of the collagen triple helix[END_REF]. Collagen α chains are characterized by a Gly-X-Y repeating triplet, where X is usually proline and Y is often hydroxyproline. There are also several posttranslational modifications including: hydroxylation, glycosylation, and intra-and intermolecular covalent cross-links that differ from those found in soft connective tissue.

Collagen is released as procollagen, which is a triple helix form of non-active collagen that is assembled within the granules of endoplasmic reticulum of specialized bone cells.

These cells are labeled osteoblasts. After the assembly process, procollagen is excreted in the intracellular matrix as illustrated in (Figure .3). Normally, bone matrix is predominantly made of type-I collagen and it gives the bone its ductility and the ability to absorb shocks without breaking. However, trace amounts of type III, type V, and FACIT collagens could be present during certain stages of bone formation. They also contribute to the regulation of collagen fibril diameter [START_REF] Robey | Extracellular matrix and biomineralization of bone. Pimer on the bone diseases and disorders of mineral metabolism[END_REF].

Noncollagenous proteins

Osteocalcin and osteonectin [START_REF] Ducy | Increased bone formation in osteocalcin-deficient mice[END_REF][START_REF] Delany | Osteopenia and decreased bone formation in osteonectindeficient mice[END_REF] are two major non-collagenous proteins found in bone tissue, and play a role in bone mineralization. They belong to the family of γcarboxylated glutamate proteins and regulate the activity of osteoclasts and their precursors.

Osteocalcin and osteonectin are glycoproteins involved in regulating the genesis of collagen fibers and is a positive regulator of bone formation. Osteocalcin plays a role in the transitioning from resorption to formation phase during bone remodeling. Osteopontin, bone sailoprotein [START_REF] Ogata | Bone sialoprotein and its transcriptional regulatory mechanism[END_REF], phosphoproteins, phospholipids, proteoglycans [START_REF] Lamoureux | Proteoglycans: key partners in bone cell biology[END_REF] are other types of proteins incorporated into the bone matrix. Also, the bone extracellular matrix contains cytokines and growth factors [START_REF] Canalis | Growth factor control of bone mass[END_REF] that play a primordial role in regulating bone remodeling and matrix mineralization. These proteins form the dynamic structure and function of the bone tissue organic matrix [START_REF] Malaval | Role of the small integrin-binding ligand Nlinked glycoprotein (SIBLING), bone sialoprotein (BSP) in bone development and remodeling[END_REF][START_REF] Garnero | The multiple facets of periostin in bone metabolism[END_REF] 

B-Inorganic bone matrix or mineral phase

The bone is a reservoir for various minerals. It has the human body reserves for 99% of calcium, 85% of phosphors, 80% of carbonate and between 40 to 60% of sodium and magnesium of the organism [START_REF] Glimcher | The nature of the mineral component of bone and the mechanism of calcification[END_REF]. The apatite crystal is generally flat, 2 to 5 nm thick and 20

to 80 nm long. The mineral phase is composed of phosphate and calcium crystal, under the form of hydroxyapatite [Ca 10 (PO 4 ) 6 (OH) 2 ]. The inorganic matrix of bone tissue is greatly involved in phosphocalcic homeostasis in addition to protection and stiffness of the bones [START_REF] Camacho | Complementary information on bone ultrastructure from scanning small angle X-ray scattering and Fourier-transform infrared microspectroscopy[END_REF].

Conclusion

To recapitulate, bone tissue is a highly specialized connective tissue that serves four main functions: mechanical, protective, maintenance of mineral homeostasis and acid-base balance, and reservoir of growth factors and cytokines, and finally it provides the environment for hematopoiesis within the marrow spaces. Bone tissue development occurs in two distinct developmental processes: intramembranous and endochondral ossification. Unlike most of the tissues, bone tissue extracellular matrix is mineralized with calcium salts in the form of hydroxyapatite that gives the bone tissue its particular characteristic of stiffness.

Bone cells

Bone is a dynamic connective tissue, comprising an exquisite assembly of functionally distinct cell populations required to support its structural, biochemical, and mechanical integrity. Bone homeostasis is regulated by several cells. Bone resorption is mediated by osteoclasts derived from myeloid progenitor cells which originate from hematopoietic stem cells (HSCs). On the other hand, bone formation is mediated by osteoblasts derived from mesenchymal stem cells (MSCs). This progenitor cells MSCs produce bone mass, through osteoblasts, osteocytes and the protective bone surface lining cells.

Mesenchymal stem cells

Mesenchymal stem cells (MSCs) were first described in the 1970s by Friedenstein et al.

They reported the presence of fibroblastoid cells in the adult bone marrow (BM) that can differentiate into bone cells and reconstitute a hematopoietic microenvironment when transplanted subcutaneously [START_REF] Friedenstein | Heterotopic of bone marrow. Analysis of precursor cells for osteogenic and hematopoietic tissues[END_REF]. MSCs represent less than 0.01% of the bone marrow cells.

The ratio of MSCs to bone marrow-mononuclear cells decreases with age starting with 1:10 4 at birth decreasing to 1:10 5 in teenagers, and reaching as low as 1:2x10 6 at the age of 80 [START_REF] Caplan | Why are MSCs therapeutic? New data: new insight[END_REF].

Fortunately, MSCs can be recovered from several different locations such as adipose tissue [START_REF] Zuk | Human adipose tissue is a source of multipotent stem cells[END_REF], derma [START_REF] Toma | Isolation of multipotent adult stem cells from the dermis of mammalian skin[END_REF], dental pulp [START_REF] Gronthos | Postnatal human dental pulp stem cells (DPSCs) in vitro and in vivo[END_REF] and umbilical cord [START_REF] Mareschi | Isolation of human mesenchymal stem cells: bone marrow versus umbilical cord blood[END_REF]. MSCs are multipotent precursors to many mesodermal cell lineages in vertebrate animals. They are present from early gestation through adulthood. Although they can be isolated from different adult tissues, MSCs display a stable phenotype in long-term culture, retaining the potential for adipogenic, chondrogenic, and osteogenic lineage differentiation in vitro [START_REF] Alhadlaq | Mesenchymal stem cells: isolation and therapeutics[END_REF], and are typically involved in the healing of damaged tissues such as bone, cartilage, muscle, ligament, tendon, adipose, and stroma in vivo [START_REF] Pittenger | Multilineage potential of adult human mesenchymal stem cells[END_REF]. Moreover, they are able to differentiate into a broad spectrum of cells that crosses the oligolineage boundaries between mesodermal, ectodermal, and endodermal lineages (Figure .4) [START_REF] Kuroda | Bone marrow mesenchymal cells: how do they contribute to tissue repair and are they really stem cells?[END_REF][START_REF] Xie | Role of injured pancreatic extract promotes bone marrow-derived mesenchymal stem cells efficiently differentiate into insulin-producing cells[END_REF].

MSCs and Heterogeneity

Studies of human bone marrow have revealed that about one-third of the MSC clones are able to acquire phenotypes of pre-adipocytes, osteocytes and chondrocytes [START_REF] Pittenger | Multilineage potential of adult human mesenchymal stem cells[END_REF]. This is in concordance with data showing that 30% of the clones from bone marrow have been found to exhibit a trilineage differentiation potential whereas the remainder display a bi-lineage (osteochondro) or uni-lineage (osteo) potential [START_REF] Muraglia | Clonal mesenchymal progenitors from human bone marrow differentiate in vitro according to a hierarchical model[END_REF]. Moreover, MSC populations derived from . et al.2008) adipose tissue and derma present a heterogeneous differentiation potential. In fact, only 1.4% of single cells obtained from adipose-derived adult stem cell (ADAS) populations were tri-potent while the others were bi-potent or unipotent [START_REF] Zuk | Human adipose tissue is a source of multipotent stem cells[END_REF]. Despite the similarities, differences appear to exist between MSC populations from different tissues. This presents an additional challenge to devise a universal definition determining their fate and functional characteristic [START_REF] Keating | Mesenchymal stromal cells: new directions[END_REF][START_REF] Keyser | Comparison of mesenchymal stem cells from different tissues to suppress T-cell activation[END_REF]. [START_REF] Horwitz | Clarification of the nomenclature for MSC: The International Society for Cellular Therapy position statement[END_REF]. These criteria presented properties to purify MSCs and to enable their expansion by several-fold in-vitro, without losing their differentiation capacity.

When plated at low density, MSCs form small colonies, called colony-forming units of fibroblasts (CFU-F), which are progenitors that can differentiate into one of the mesenchymal cell lineages [START_REF] Prockop | Marrow stromal cells as stem cells for nonhematopoietic tissues[END_REF][START_REF] Colter | Identification of a subpopulation of rapidly self-renewing and multipotential adult stem cells in colonies of human marrow stromal cells[END_REF].

Circulating MSCs

Circulating MSCs in the peripheral blood stream are extremely rare in humans, even under normal conditions [START_REF] Kuznetsov | Circulating connective tissue precursors: extreme rarity in humans and chondrogenic potential in guinea pigs[END_REF]. Although the role of these circulating MSCs in the normal state is unknown, this suggests that MSCs originally possess the ability to mobilize into the peripheral blood stream and migrate to organs. In cases of serious injury or stress, MSCs receive signals from the injured site and move to the bloodstream and migrate there [START_REF] Kuznetsov | Circulating connective tissue precursors: extreme rarity in humans and chondrogenic potential in guinea pigs[END_REF][START_REF] Chino | Bone marrow cell transfer into fetal circulation can ameliorate genetic skin diseases by providing fibroblasts to the skin and inducing immune tolerance[END_REF].

Following integration into the damaged site, they differentiate into cells to replenish the lost ones. Several factors and receptors related to these events have been suggested. Chemokines and their receptors comprise a common system to recruit immunologic cells. The CXCR4-CXCL12 and CX3CR1-CX3CL1 systems were found to be involved in such migration. [START_REF] Ferrari | Purinergic stimulation of human mesenchymal stem cells potentiates their chemotactic response to CXCL12 and increases the homing capacity and production of proinflammatory cytokines[END_REF][START_REF] He | Migration of marrow stromal cells in response to sustained release of stromal-derived factor-1alpha from poly(lactide ethylene oxide fumarate) hydrogels[END_REF][START_REF] Yu | SDF-1/CXCR4-mediated migration of transplanted bone marrow stromal cells toward areas of heart myocardial infarction through activation of PI3K/Akt[END_REF]. In addition, the urokinase receptor, the necrosis factor-related apoptosisinducing ligand receptors (TRAIL) 2 and 4, and the endothelial nitric oxide synthase (eNOS) play a role in this process. High mobility group box 1(HMGB1), a chromatin protein released from damage cells and regulating gene expression specifically acts on MSCs to inhibit their proliferation and promote their migration and transdifferentiation [START_REF] Meng | High mobility group box 1 protein inhibits the proliferation of human mesenchymal stem cells and promotes their migration and differentiation along osteoblastic pathway[END_REF]. Recently, in a corneal injury model, substance P, part of the atachykinin neuropeptide family and transmitter for specific sensory neurons, clearly triggered the recruitment of MSCs from bone marrow to the injured tissue and participated in the tissue repair process [START_REF] Hong | A new role of substance P as an injury-inducible messenger for mobilization of CD29(+) stromal-like cells[END_REF].

Role of MSCs

MSCs are pluripotent mesenchymal stromal cells with a number of common characteristics. The widely accepted niche of MSCs is at the abluminal surface of sinusoidal blood vessels in adult BM and at the interface between the BM and peripheral tissues. Their location is of importance given that their range of functions include regulation of local cellular homeostasis and immune regulation in case of inflammation or tissue injury [START_REF] Bianco | Bone marrow stromal stem cells: nature, biology, and potential applications[END_REF][START_REF] Yagi | Mesenchymal stem cells: Mechanisms of immunomodulation and homing[END_REF].

Effects of MSCs on Immune cells

MSCs have been shown to possess immunomodulatory characteristics through the inhibition of T-cell proliferation in vitro [START_REF] Di Nicola | Human bone marrow stromal cells suppress T-lymphocyte proliferation induced by cellular or nonspecific mitogenic stimuli[END_REF][START_REF] Bartholomew | Mesenchymal stem cells suppress lymphocyte proliferation in vitro and prolong skin graft survival in vivo[END_REF][START_REF] Blanc | Mesenchymal stem cells inhibit and stimulate mixed lymphocyte cultures and mitogenic responses independently of the major histocompatibility complex[END_REF]. These observations have triggered a huge interest in the immunomodulatory effects of MSCs which was confirmed with several in vitro and in vivo studies [START_REF] Augello | Bone marrow mesenchymal progenitor cells inhibit lymphocyte proliferation by activation of the programmed death 1 pathway[END_REF]. The first in vivo study demonstrating this effect was performed in a baboon model in which infusion of ex vivo-expanded matched donor or third-party MSCs delayed the time to rejection of histo-incompatible skin grafts [START_REF] Bartholomew | Mesenchymal stem cells suppress lymphocyte proliferation in vitro and prolong skin graft survival in vivo[END_REF]. The delay indicated a potential role for MSCs in the prevention and treatment of graft-versus-host disease (GVHD) in autologous stem cell transplantation (ASCT), prevention of organ transplantation rejection, and management of autoimmune disorders. Recently, MSCs were used to successfully treat a 9-year-old boy with severe treatment-resistant acute GVHD thus confirming the potent immunosuppressive effect in humans [START_REF] Blanc | Treatment of severe acute graft-versus-host disease with third party haploidentical mesenchymal stem cells[END_REF]. This characteristic was irrespective of the MSCs being derived from a third part or autologous with the stimulatory or the responder lymphocytes. The degree of MSCs suppression was found to be dose dependent. At high doses, MSCs were inhibitory whereas at low doses they enhanced lymphocyte proliferation in mantle cells lymphoma (MLCs) [START_REF] Maitra | Human mesenchymal stem cells support unrelated donor hematopoietic stem cells and suppress T-cell activation[END_REF]. Broadly, MSC modulate cytokine production by the dendritic and T cell subsets DC/Th1 and DC/Th2 [START_REF] Aggarwal | Human mesenchymal stem cells modulate allogeneic immune cell responses[END_REF], block the antigen presenting cells (APC) maturation and activation [START_REF] Beyth | Human mesenchymal stem cells alter antigen-presenting cell maturation and induce T-cell unresponsiveness[END_REF], and increase the proportion of CD4+CD25+ regulatory cells in a mixed lymphocyte reaction [START_REF] Augello | Cell therapy using allogeneic bone marrow mesenchymal stem cells prevents tissue damage in collagen-induced arthritis[END_REF].

The exact mechanisms by which MSCs are able to regulate immune functions are still not fully understood. However, the requirement of cell-to-cell contact is not clear. MSCs exert these effects via soluble inflammatory mediators and enzymatic action such as the expression of nitric oxide (NO) synthase, indoleamine 2,3-dioxygenase (IDO), transforming growth factor-beta (TGF-β), hepatocyte growth factor (HGF), and interleukin-10 (IL-10). A third mechanism is through secretion of human leukocyte antigen-G (HLA-G) and prostaglandin E2 (PGE2) [START_REF] Yagi | Mesenchymal stem cells: Mechanisms of immunomodulation and homing[END_REF][START_REF] Bouffi | Multipotent mesenchymal stromal cells and rheumatoid arthritis: risk or benefit?[END_REF][START_REF] Selmani | Human leukocyte antigen-G5 secretion by human mesenchymal stem cells is required to suppress T lymphocyte and natural killer function and to induce CD4+CD25highFOXP3+ regulatory T cells[END_REF] (Figure.5).

Dendritic cells (DCs)

DCs maturation and function are inhibited by MSCs [START_REF] Chen | Effects of human mesenchymal stem cells on the differentiation of dendritic cells from CD34+ cells[END_REF][START_REF] Jiang | Human mesenchymal stem cells inhibit differentiation and function of monocyte-derived dendritic cells[END_REF]. The effect on cytokine production results in an increased level of IL-10 production with a simultaneous decrease in the production of both pro-inflammatory cytokines TNF-α and IFN-γ [START_REF] Maccario | Interaction of human mesenchymal stem cells with cells involved in alloantigen-specific immune response favors the differentiation of CD4+ T-cell subsets expressing a regulatory/suppressive phenotype[END_REF]. The normal ability of DCs to upregulate T-cell activity is therefore suppressed in the presence of MSCs. It appears as well that MSCs are responsible for the induction of a more anti-inflammatory DC phenotype [START_REF] Aggarwal | Human mesenchymal stem cells modulate allogeneic immune cell responses[END_REF]. 2.1.3.1.2. Natural Killer cells (NK) The relationship between MSCs and NK cells is ambiguous and the mechanisms by which MSCs regulate inflammatory functions of NK cells are not well understood. While freshly isolated NK cells failed to attack MSCs, in vitro pre-activated NK cells acquired this ability [START_REF] Sotiropoulou | Interactions between human mesenchymal stem cells and natural killer cells[END_REF]. On the other hand, MSCs can inhibit proliferation, cytokine secretion, and cytotoxicity of NK cells. IDO, TGF-β and PGE2, secretion by MSCs has been linked to anti-proliferative effects and reduction in cytokine production. Data suggest that cell-to-cell contact is also involved in this type of immunomodulatory effect. Several groups demonstrated the ability of MSCs to impair the proliferation of NK cells activated by IL-2 and IL-15. Secretion of Interferon gamma (IFN-γ), tumour necrosis factor-alpha (TNF-α), and IL-10 by activated NK cells is also reduced by MSCs in vitro [START_REF] Aggarwal | Human mesenchymal stem cells modulate allogeneic immune cell responses[END_REF][START_REF] Sotiropoulou | Interactions between human mesenchymal stem cells and natural killer cells[END_REF][START_REF] Spaggiari | Mesenchymal stem cells inhibit natural killer-cell proliferation, cytotoxicity, and cytokine production: role of indoleamine 2,3dioxygenase and prostaglandin E2[END_REF].

2. 1.3.1.3. Neutrophils The two main effects of MSCs on neutrophils are an increase in their lifespan and inflammatory activity. Consistent results show a reduction of the spontaneous apoptosis rate in both resting and activated neutrophils mediated by MSCs secreting IL-6. Apoptosis in neutrophils is positively linked to production of reactive oxygen species (ROS). This leads to decreased inflammatory activity and onset of respiratory burst of neutrophils [START_REF] Raffaghello | Human mesenchymal stem cells inhibit neutrophil apoptosis: a model for neutrophil preservation in the bone marrow niche[END_REF][START_REF] Brandau | Tissue-resident mesenchymal stem cells attract peripheral blood neutrophils and enhance their inflammatory activity in response to microbial challenge[END_REF][START_REF] Cassatella | Toll-like receptor-3-activated human mesenchymal stromal cells significantly prolong the survival and function of neutrophils[END_REF].

T-Cells

MSC-mediated inhibition of T cell proliferation has been largely described. In vitro, MSCs inhibited T cell proliferation regardless of the signaling pathway stimulated in the lymphocytes [START_REF] Di Nicola | Human bone marrow stromal cells suppress T-lymphocyte proliferation induced by cellular or nonspecific mitogenic stimuli[END_REF][START_REF] Maccario | Interaction of human mesenchymal stem cells with cells involved in alloantigen-specific immune response favors the differentiation of CD4+ T-cell subsets expressing a regulatory/suppressive phenotype[END_REF]. The mechanisms by which MSCs are able to mediate immunosupression of T cells are diverse and complex. Several secreted effectors molecules have been linked to this process including IDO, PGE2, TGF-β, HGF, and HLA-G. The expression of HLA-G on adult MSCs is linked to their immunosuppressive effects on activated T cells via a mechanism including CD4 + CD25 + Foxp3 + regulatory T cells and IL-10 [START_REF] Selmani | Human leukocyte antigen-G5 secretion by human mesenchymal stem cells is required to suppress T lymphocyte and natural killer function and to induce CD4+CD25highFOXP3+ regulatory T cells[END_REF][START_REF] Nasef | Immunosuppressive effects of mesenchymal stem cells: involvement of HLA-G[END_REF].

[

B-Cells

The effect of human MSCs on B cells mainly depends on several factors linked to B cell biology, state of differentiation, strength of stimulus, and B to MSCs cells ratio. Evidence on the effect of MSCs on B cell proliferation is contradictory between inhibitory and stimulatory [START_REF] Corcione | Human mesenchymal stem cells modulate B-cell functions[END_REF][START_REF] Tabera | The effect of mesenchymal stem cells on the viability, proliferation and differentiation of B-lymphocytes[END_REF][START_REF] Traggiai | Bone marrow-derived mesenchymal stem cells induce both polyclonal expansion and differentiation of B cells isolated from healthy donors and systemic lupus erythematosus patients[END_REF].

Regulatory T-Cells

MSCs are able to promote the proliferation of regulatory T cells and induce differentiated T-helper cells to display a regulatory phenotype through the production of heme oxygenase-1

(HO-1) [START_REF] Mougiakakos | The impact of inflammatory licensing on heme oxygenase-1mediated induction of regulatory T cells by human mesenchymal stem cells[END_REF][START_REF] Ghannam | Mesenchymal stem cells inhibit human Th17 cell differentiation and function and induce a T regulatory cell phenotype[END_REF].

Tissue repair by MSCs

2.1.3.2.1. Bone
MSCs are able to migrate and engraft into multiple musculoskeletal tissues, especially at sites of injury, and undergo site-specific differentiation. These characteristics made MSCs a most promising candidate for cell therapy in many refractory diseases including bone joint diseases which can cause a great deal of pain, discomfort, and even disability. The initial clinical trials with MSCs were performed by Horwitz and colleagues in 1999 who demonstrated that bone marrow-derived mesenchymal cells improves the total-body bone mineral content and subsequent osteogenesis in children with osteogenesis imperfect [START_REF] Horwitz | Transplantability and therapeutic effects of bone marrowderived mesenchymal cells in children with osteogenesis imperfecta[END_REF].

Since then, MSCs have been used in patients with osteoarthritis and bone defects (Table .1).

Central Nervous System

Several studies using MSCs to recover from stroke (rat model) or repair spinal cord injury, and traumatic brain injury have been reported. In all of these models, MSC transplantation by either direct injection, intravenous infusion, or injection into the cerebrospinal fluid showed promising results with functional recovery [START_REF] Parr | Bone marrow-derived mesenchymal stromal cells for the repair of central nervous system injury[END_REF][START_REF] Wright | Concise review: Bone marrow for the treatment of spinal cord injury: mechanisms and clinical applications[END_REF]. Clinical trial for CNS repair is most advanced in spinal cord injury ( MSCs are involved in the repair of skeletal muscle degeneration [START_REF] De La Garza-Rodea | Long-term contribution of human bone marrow mesenchymal stromal cells to skeletal muscle regeneration in mice[END_REF], ischemic colonic anastomoses [START_REF] Adas | Mesenchymal stem cells improve the healing of ischemic colonic anastomoses (experimental study)[END_REF], chronic severe wounds such as skin ulcers [START_REF] Rogers | The use of marrow-derived stem cells to accelerate healing in chronic wounds[END_REF], and airway (trachea)

obstruction [START_REF] Grove | Attenuation of early airway obstruction by mesenchymal stem cells in a murine model of heterotopic tracheal transplantation[END_REF] (Table .1).

Despite the very optimistic results obtained in animal models, MSC-based preliminary clinical trials have not fully met the expectations. The lack of obvious outcomes in clinical trials may be the result of specific human MSCs features and MSC-niche interactions and must be further addressed by analyzing these factors in human contexts.

Hematopoietic Stem Cells

The history of stem cell research began in the early 1960s when James Till and Ernest

McCulloch and their colleagues at the University of Toronto came across reservoirs of cells in mice with the properties of stem cells: the abilities to self-renew and differentiate into specialized cell. In the late 1960s, researchers began to infuse hematopoietic stem cells (HSCs) (this section will be discussed in more details below)

Conclusion

The principal cells that mediate bone homeostasis process of the mammalian skeleton are: 

Table.1| Case studies and clinical application of MSCs Pathology

Species

Target organ

Mechanism of action

Ref.

Rheumatoid Arthritis

Mouse

Joints

Inhibition of secretion of proinflammatory cytokines and inhibitions of T cells [START_REF] Augello | Cell therapy using allogeneic bone marrow mesenchymal stem cells prevents tissue damage in collagen-induced arthritis[END_REF] Lupus erythematosus

Mouse

Bone marrow Regeneration of hematopoietic niche [START_REF] Sun | Mesenchymal stem cell transplantation reverses multiorgan dysfunction in systemic lupus erythematosus mice and humans[END_REF] Rejection of HSC transplantation Sheep Hematopoietic compartment Improve transplantation efficiency, increase hematopoiesis [START_REF] Almeida-Porada | Cotransplantation of human stromal cell progenitors into preimmune fetal sheep results in early appearance of human donor cells in circulation and boosts cell levels in bone marrow at later time points after transplantation[END_REF] Osteognesis imperfecta Human Bone marrow Increase total-body bone mineralization and osteogenesis [START_REF] Horwitz | Transplantability and therapeutic effects of bone marrowderived mesenchymal cells in children with osteogenesis imperfecta[END_REF] Ictus Rat Central nervous system Secretion of neurotrophic factors 

Osteoblasts origin and differentiation

Bone formation is a tightly regulated process which is characterized by a sequence of events starting by the commitment of osteoprogenitor cells, their differentiation into preosteoblasts and to mature osteoblasts whose function is to synthesize the bone matrix that progressively mineralize. 

Runx2

A decade ago, Runx2 (Cbfa1, AML3) has been identified as the master regulator of These observations indicate that AP-1 proteins promote bone formation. In contrast, deletion of JunD increased bone mass, apparently by increasing expression of Fra1, Fra2and c-Jun, suggesting that JunD represses expression of other AP-1 proteins in osteoblasts [158]. A number of direct targets of AP-1 in osteoblasts have been identified, and include the osteocalcin, collagenase-3 (MMP13), BSP, and ALP promoters.

ATF4

The positive role of ATF4 on osteoblast formation was recognized with the findings that it 

Osteocytes

The osteocyte, defined as a cell located within the bone matrix, is descended from -Osteocytes and RANKL

During the last several years, numerous studies of bone remodeling have focused on the behavior of osteoclasts and mature osteoblasts, and their respective precursor cells. However, the role of osteocytes and bone lining cells was left largely unexplored. Recently, increasing evidences have demonstrated that osteocytes play important roles in the cycle of targeted bone remodeling. They produce predominantly significant amounts of RANKL and sclerostin to support osteoclastogenesis and to suppress bone formation [195][196][197].

The conclusion that osteocytes are a major source of RANKL [198] led to the question of how osteocyte-derived RANKL reaches osteoclast progenitors. The discovery that osteocytes control bone formation via secretion of sclerostin has established that osteocyte products can effectively reach precursor cells in the bone marrow [196]. RANKL is produced as an integral membrane protein that can be shed to produce a soluble form [199]. Although some in vitro studies have suggested that cell-to-cell contact between osteoclast progenitors and support cells is required for osteoclastogenesis [200], other studies have demonstrated that conditioned medium from the MLO-Y4 osteocytic cell line, which produces large amounts of RANKL [201], is sufficient to stimulate osteoclast formation [202]. Moreover, expression of soluble RANKL (sRANKL) via a liver-specific promoter was sufficient to increase bone resorption in transgenic mice [203]. Thus osteocytes may control osteoclast formation via production of sRANKL. In addition, osteocyte projections extend to the bone surface [204] leaving open the possibility that RANKL on the membrane of such projections interacts with osteoclast progenitors.

Lining Cells

Bone 

Osteoblastogenesis and mechanical signaling

The skeleton is a highly organized tissue that is metabolically active and is able to 

Epigenetic regulation of gene expression

Conculsion

Epigenetic mechanisms include post-translational histone modifications, regulation of protein synthesis by means of miRNA and DNA methylation. Osteoblastic differentiation passes through a complex process that involves transcription factor and also modification of the epigenetic marks. Many of the osteogenic genes are regulated by DNA methylation such as Osx and histone modifications such as Runx2, AP-1, ATF4 and Smads. Moreover, miRNAs showed a good participation in modifying gene expression during MSC differentiation.

Osteoclastic lineages

Osteoclast Origin

Hematopoietic stem cells (HSCs) are characterized by pluripotentiality and self -renewal ability to maintain a supply of mature blood cells and avoid HSC exhaustion during life span of an organism [273]. HSCs generate all the blood cell types, including the lymphoid and myeloid lineages. The differentiation of HSCs to the myeloid lineage requires the expression of the transcription factor PU. 1 [274, 275]. The myeloid lineage, also known as colony forming unit-granulocyte, erythrocyte, monocyte, megakaryocyte (CFU-GEMM), gives rise to CFU-GM (granulocyte, monocyte/macrophage) and CFU-M (monocyte/macrophages) the latter being the common precursors of osteoclasts and macrophages [276,277].

Osteoclasts are the only bone resorptive cells [278]. They are of hematopoietic cells origin coming from embryonic mesoderm along with bone and cartilage. They are formed by the maturation and fusion of monocyte/macrophage lineage common precursors [276,279].

Mature osteoclasts are large, multi-nuclear cells up to 100 μm in diameter, and have morphology highly specialized for its bone-resorbing function [280]. After fulfilling the resorption function, they are likely to be removed by apoptosis [281].

Controversy concerning the origin of osteoclasts existed until the pioneering parabiosis experiments in the late 1970s. In these experiments, the circulation of a normal and irradiated rats were connected to demonstrate that cells differentiate to osteoclasts and are recruited to bone-resorbing sites via the blood stream [282]. This observation was further illustrated by studies using osteopetrotic mouse models in which osteoclasts are malfunctioning leading to the densification of the bones. The osteopetrotic phenotype of these mice can be rescued after parabiotic union to normal mice or transplantation of bone marrow cells [276,282]. The cure of osteopetrosis by bone marrow transplantation has also been established in humans [278].

It has been shown that the osteoclast precursor belongs to the monocyte/macrophage family derived from the myeloid progenitors [279,[282][283][284]. Compared to the more committed CFU-M derived cells, CFU-GM-derived cells have greater osteoclast differentiating potential in in vitro mouse and human studies [285,286] (Figure .10).

Nevertheless, it has been generally accepted that osteoclasts are derived from CFU-M, the monocyte/macrophage lineage [278].Even though osteoclasts can be generated in vitro from mononuclear phagocytes of various tissues, osteoclast precursors primarily reside in bone marrow [278,287,288]. The formation of osteoclasts only occurs in the close vicinity of bone. Multinucleated osteoclasts are not present in the circulation [287].

Osteoclast Differentiation

In 1981, it was first proposed that osteoblasts were involved in osteoclast differentiation 

Role of M-CSF in Osteoclast Differentiation

M-CSF, also known as colony-stimulating factor-1 (CSF-1), was the first colonystimulating factor to be purified [293]. It was formerly known as macrophage growth factor promoter region of c-fms gene and positively regulates its transcription [294]. The binding of M-CSF to c-fms results in its dimerization and auto-phosphorylation. This leads to the recruitment of c-Src kinase which then phosphorylates the adaptor protein, c-Cb1. c-c-Cb1, in turn, activates the PI3K/AKT and Grb2/ERK axes promoting the survival and proliferation of osteoclast precursor cells (Figure.11a) [295,297,299].

Role of RANKL in Osteoclast Differentiation

RANKL, a type II membrane protein, belongs to the tumor necrosis factor (TNF) superfamily [300][301][302]. It is also known as TNF-related activation-induce cytokine (TRANCE), osteoprotegerin ligand (OPGL), and tumor necrosis factor (Ligand) superfamily member 11 (Tnfsf11) [302][303][304]. RANKL is extensively expressed on the plasma membrane of osteoblasts and stromal cells, and can also can be expressed by lymphocytes [198,302,303].

It is proteolytically released from the surface by the metalloprotease disintegrin TNFα convertase (TACE) [305,306]. In the presence of M-CSF, both membrane-bound and soluble RANKL can support osteoclast differentiation in vitro [303,307]. However, the membranebound may be more efficient than the soluble form [305]. The in vivo biological and pathological significance of soluble RANKL still remains unclear. The importance of RANKL in osteoclast formation has been illustrated by animal studies. RANKL -/-mice display complete failure of osteoclastogenesis and consequently developing severe osteopetrosis [302,308]. The receptor for RANKL-RANK (receptor activator of NF-B) -is a type I membrane protein and belongs to the TNF receptor superfamily [303]. RANK is also known as TRANCE-R or TNFRSF11A. It is expressed as a transmembrane heterotrimer on the surface of osteoclasts and their precursors [302,303].

Mice lacking rank have exactly the same osteopetrotic phenotype as rankl -/-mice.

However, rank -/-mice have intrinsic defect in osteoclasts as their phenotype can be reversed by bone marrow transplantation from normal mice [303,309]. protein 1) [291,311,312]. The common target gene of NF-B and AP-1 has recently shown to be NFATc1 (nuclear factor of activated T cells, cytoplasmic 1) [311,313,314].

NFATc1, a member of NFAT family of transcription factor genes, is considered to be the master transcription factor for osteoclastogenesis since its induction activates the expression of osteoclast-specific genes [291,312,315].

Costimulatory Signals for RANK

Since osteoclasts can be generated in vitro from bone marrow cells in response to recombinant RANKL and M-CSF, it has been generally accepted that such signalling is not only necessary but also sufficient to support osteoclastogenesis [316,317]. However, recent studies have revealed a more complex picture where additional costimulatory signals are required to activate the transcription factor NFATc1 [291,312,315,318].

Through interaction between complementarily charged amino acid residues, transmembrane adaptor proteins (e.g. FcRγ and DAP12) associate with immunoglobulin-like receptors. These include osteoclast-associated receptor (OSCAR), a collagen receptor [319], paired immunoglobulin-like receptor-A (PIRA) [320], triggering receptor expressed on myeloid cell-2 (TREM-2), and signal-regulatory protein β1 (SIRPβ1) [291,312,315,321].

Following the stimulation of immunoglobulin-like receptors likely by endogenous ligands from osteoclast precursors or stromal cells/osteoblasts and RANKL-initiated signalling, the ITAM motifs present in those adaptor proteins are phosphorylated. This leads to the recruitment of the Sky family kinase to the phosphorylated tyrosine residues [312].

Consequently, the calcium signalling pathway is activated through phospholipase Cγ (PLCγ) followed by induction of NFATc1 [291,312,315] (Figure.12). Moreover, DAP12 -/-and FcRγ -/-mice exhibit severe osteopetrosis due to defective osteoclast differentiation, and transfer of normal DAP12 into DAP12 -/-and FcRγ -/-cells using retroviruses can rescue osteoclast differentiation deficiency [291]. On the other hand, overexpression of ITAM signalling adaptors DAP12/FcRγ induces osteopenia and impairs early hematopoiesis [322].These data indicate that ITAM signalling is indispensable for RANKL-induced osteoclastogenesis. However, so far it still remains unknown how RANKL/RANK and ITAM signalling synergizes. In addition to RANKL and M-CSF, osteoclast differentiation is subject to negative and positive regulation by circulating hormones and locally produced cytokines [278,323]. Major mechanisms underlying such regulation are discussed in the following sections.

The OPG/RANKL/RANK Regulatory Axis

OPG (osteoprotegerin), also known as osteoclastogenesis inhibitory factor (OCIF), is a secreted protein expressed by osteoblast/stromal cells [324][325][326]. OPG, like RANK, belongs to the TNF receptor superfamily. In contrast to all other members, OPG lacks the transmembrane and cytoplasmic domains and is secreted as a soluble protein. OPG functions as a soluble decoy receptor to RANKL competing with RANK for RANKL binding [317,326] (Figure.13). OPG is therefore a negative regulator of RANKL activity. Genetic studies have found that excessive RANKL activity, as in OPG deficient mice, results in early-onset osteoporosis [327]. In contrast, due to a decrease net in RANKL levels, transgenic mice overexpressing OPG exhibit osteopetrosis [326].

Studies have shown that the balance between RANKL/RANK and OPG levels regulate osteoclast differentiation and bone metabolism [326,328]. Most hormones and cytokines inhibit or enhance bone resorption via regulating the expression of RANKL and OPG on osteoblasts/stromal cells [278,323,326]. For example, TGF-β released from bone matrix during bone resorption has been shown to up-regulate OPG expression serving as a negative feedback mechanism for bone resorption [303,305]. Interleukins [START_REF] Taichman | Blood and bone: two tissues whose fates are intertwined to create the hematopoietic stem-cell niche[END_REF][START_REF] Augat | The role of cortical bone and its microstructure in bone strength[END_REF][START_REF] Brodsky | Molecular structure of the collagen triple helix[END_REF] can increase RANKL expression [302,303,326]. Some factors not only decrease OPG expression but also increase RANKL expression such as parathyroid hormone (PTH), parathyroid hormone-related protein (PTHrP), and prostaglandin E2 (PEG2) [303,326,329].

Dexamethasone and 25-dihydroxy vitamin D3 (1,25(OH) 2 D 3 ), the active form of vitamin D3, can stimulate RANKL production and are often used in co-cultures of bone marrow cells and stromal cells to generate osteoclasts in vitro [330][331][332]. Therefore, the OPG/RANKL/RANK axis is critical for maintaining the balance between bone formation and resorption by providing a mean for controlling osteoblast and osteoclast activity [304,329]. However, a recent study reported that IL-17 can significantly induce neutrophilic chemoattractant but not RANKL in synoviocytes [333]. Osteoblasts/stromal cells express RANKL, which recognizes RANK on osteoclast precursor cells. RANK then binds to TRAF6, which, in turn activates NFATC1 through NF-B and c-Fos. In addition, transmembrane adapter proteins, FcRγ and DAP12, associate with immunoglobulin-like receptors, OSCAR, PIRA-A, TREM-2 and SIRPβ1. RANKL/RANK and stimulation of the immunoglobulin-like receptors possibly by endogenous signals from osteoblastic cells or osteoclastic collaboratively phosphorylate ITAM motifs present in those adaptor proteins, and then recruit the Syk family kinase to the phosphorylated tyrosine residues. Finally, through phospholipase Cγ (PLCγ), the calcium signalling pathway is activated, leading to NFATc1 induction.

Other Regulatory Mechanisms

In addition to the OPG/RANKL/RANK regulatory system, recent studies have shown that other local molecules produced by osteoblasts/stromal cells and immune cells can enhance or inhibit osteoclast formation [334,335]. Secreted frizzled-related protein 1 (sFRP1), an inhibitor of the Wnt signalling pathway, is expressed by osteoblasts/stromal cells [334]. It directly inhibits osteoclast formation by binding to RANKL in vitro [336]. Osteoclast inhibitory lection (OCIL) is a membrane-bound lectin expressed by osteoblasts. Its soluble form can inhibit osteoclast formation in vitro [337]. Beside osteoblasts/stromal cells, other cell types are also involved in osteoclastogenesis regulation [328,338].

In vitro studies have suggested that through an unknown mechanism, megakaryocytes can inhibit osteoclast formation [339]. More studies, especially in vivo ones, are necessary to further explore other mechanisms that regulate osteoclast differentiation. RANKL on osteoblasts/stromal cells binds to its receptor RANK on osteoclast precursors and thus initiate a signal transduction cascade, leading to osteoclast differentiation. Intriguingly, Osteoblast/stromal cells also produce a decoy receptor for RANKL, OPG, which can block RANK and RANKL binding. This crosstalk mechanism is also an endpoint for the actions of several hormones and cytokines, such as estrogens, interleukins, prostaglandin E2 (PGE2), TGF-β and parathyroid hormone (PTH).

Osteoclast Fusion

Cell fusion is a complicated process involving cell migration, chemotaxis, cell-cell recognition and attachment, as well as changes into a fusion-competent status. During ostoeclastogenesis, preosteoclasts fuse to form multinuclear mature osteoclasts (Figure .10).

Studies comparing the gene expression of multinuclear osteoclasts and mononuclear macrophages identified two molecules critically involved in cell-cell fusion of osteoclasts: the dendritic cell-specific transmembrane protein (DC-STAMP) [340,341] and the d2 isoform of vacuolar H + -ATPase V 0 domain (Atp6vd2) in addition to CD9, and macrophage fusion receptor (MER) [342][343][344]. Mice deficient in either Dc-STAMP or Atp6v0d2 lack multinuclear osteoclasts and develop osteopetrosis [340][341][342]. Further studies have demonstrated that the expression of DC-STAMP and Atp6v0d2 are induced by transcription factor, NFATc1 [345,346]. A recent study suggested a newly-identified protein induce by RANKL, osteoclast stimulatory transmembrane protein (OC-STAMP) beside, CD9, DC-STAMP, and Atp6vd2, are required in the fusion process during osteoclastogenesis [343,347]. It appears that multiple factors are involved in osteoclast fusion, and more studies are necessary to further understand this process.

Conclusion

Osteoclasts are large multinucleated cells present only on bone. They are derived from hematopoietic cells. Their formation is a complex and multi-step process in which osteoblast/stromal cells play a central role by providing two essential factors: M-CSF and RANKL. M-CSF induces the proliferation and survival of osteoclast precursors from their hematopoietic progenitors while RANKL stimulates these precursor cells to commit to the osteoclast phenotype. Osteoblast/stromal cells can produce an inhibitory factor for osteoclastogenesis, OPG, which competes with RANK for RANKL binding. Hormones, cytokines, and local factors can exert their effects on bone resportion by regulating OPG and RANKL expression on osteoblast/stromal cells. Therefore, the OPG/RANKL/RANK axis represents a major means for regulating osteoblast to osteoclast activity and maintaining the balance between bone formation and resorption.

Interleukin 17

Interleukin 17A (IL-17A, also known as CTLA8) is a member of the IL-17 family composed of six members (IL-17A to F) [348] (Table .3). Only IL-17F shares the strongest homology with IL-17A [349]. IL-17 receptor family is comprised of 5 members (IL-17RA-RE) (Table.4). All of them share homology to the earliest identified member, IL-17RA. IL-17A serves as an essential player in host defense during infection and aberrant expression of IL-17A is associated with many autoimmune diseases and cancer. The major producers of IL-17 are CD4+ T cells, called Th17, and innate immune cells such as γδ T cells [350-353].

IL-17 receptor signaling

Much is now known regarding IL- 

Table.3| Distribution and function of IL-17 family

Family members [356,382,392,394] CXCL,C-X-C motif chemokine ligand; CCL, C-C motif chemokine ligand; GRO-α, growth-regulated α protein; CINC, cytokine-induced neutrophil chemoattractant; PGE2, prostaglandin E synthase 2; MMP, Matrix metalloproteinase; TNFSF11, Tumor necrosis factor (ligand) super family, member 11; TIMP1, Tissue inhibitor of metallopeptidase 1; ADAMTS4, A disintegrin-like and metalloprotease with thrombospondin type 1 motif,4; CEBP, CCAAT/ enhancer binding protein (Adapted and modified from [START_REF] Benedetti | Interleukin 17 contributes to the chronicity of inflammatory diseases such as rheumatoid arthritis[END_REF]. GRO-α/β , growth-regulated α / βprotein; PGE2, prostaglandin E synthase 2; MMP, Matrix metalloproteinase; Ca, calcium; TRAP, Tartrateresistant acid phosphatase; OPG, Osteoprotegerin; NO, Nitric Oxide; NOS2, Nitric Oxide synthase 2; Col-I, Collagen -I, COX2,cyclooxygenase-2; LIF, leukemia inhibitory factor. (Adapted from Moseley, et al.2003 andSoen Hee Chang, et al. 2011). ( Figure.14). However, it remains to be determined whether these proteins could represent therapeutic targets to block or enhance IL-17 RA signaling.

Receptors

Table.6| Biological activities of the IL-17 cytokine in related musculoskeletal

Tissue

Effects of IL-17 on MSCs

IL-17 was presented as a cytokine that achieves its effects primarily by acting on different stromal cells including synoviocytes, osteoblasts, and chondrocytes through stimulating them to secrete other soluble and membrane bound factors, among which are IL-6, IL-1, G-CSF, GM-CSF, MMP,IL8,RANKL and NO [356,431,[438][439][440][441][442] (Table .5 and6).

Besides inflammatory mediators, IL-17 also induces many other gene types in stromal cells including those implicated in hematopoiesis [359,443]. However, only recently, IL-17A was shown to act as potent growth factor for both murine and human BM-MSCs, affecting their proliferation and differentiation potential. The results from several groups revealed that IL-17 increases the frequency and the average size of CFU-F derived form murine and human bone marrow, and their proliferation in a dose-dependent manner [443][444][445][446]. Diverse results were reported on the influence of IL-17 on MSCs differentiation, and it appears that the effects are highly dependent on the microenvironment and/or specific host organism requirements. 

Classical and paradoxical effects of TNF-α on bone homeostasis

Part.II

Study of the effects of interleukin-17A on osteogenic differentiation of isolated human mesenchymal stem cells.

Osta B, Lavocat F, El Jaafari A, Miossec P. Effects of interleukin-17A on osteogenic differentiation of isolated human mesenchymal stem cells. Front. Immunol.2014 ;5:425. doi: 10.3389/fimmu.2014.00425. PMID:25228904 Interleukin-17A (IL-17A) is a pro-inflammatory cytokine that contributes to the pathogenesis of several inflammatory diseases, such as rheumatoid arthritis (RA) and ankylosing spondylitis (AS).,RA a chronic disease with excessive destruction of cartilage and bone and defective bone repair. AS is characterized by ectopic bone formation leading to syndesmophytes, combined with systemic bone loss. Increased levels of IL-17 were observed in both diseases, suggesting that IL-17 contributes to the pathogenesis of these diseases and most likely to their related bone defects. Consequently, IL-17A is considered as a new target for treatment of both RA and AS, as previously shown for TNF-α inhibition. Moreover, it has been found that addition of inhibitors of IL-17A and TNF-α alone or even better in combination, decreases bone destruction in an ex vivo model of RA.

The mechanisms used by IL-17A to promote bone loss include activation of osteoclastogenesis, through expression of receptor activator of nuclear factor kappa B ligand (RANKL) and M-CSF by stromal cells. Moreover, it can stimulate target cells to produce cytokines such as IL-6, IL-1, CXCL8, TNF, and matrix metalloproteinases. Recently, several studies indicated that IL-17A can induce proliferation and differentiation of mesenchymal stem cells, as well as TNF-α.

Due to this conflicting results, our objective was to examine whether IL-17A alone or in combination with TNF-α, positively or negatively modulate osteogenic differentiation in isolated human mesenchymal stem cells. To study these aspects, we measured matrix formation and unravel the molecular mechanisms by focusing on key genes involved in bone turnover: BMP2, Runx2, DKK-1, RANKL, and Schnurri-3.

Part.III Bone marrow-derived and synovium-derived mesenchymal cells promote Th17 cell expansion and activation through caspase 1 activation.

Eljaafari A, Tartelin ML, Aissaoui H, Chevrel G, Osta B, Lavocat F, Miossec P. Bone marrow-derived and synovium-derived mesenchymal cells promote Th17 cell expansion and activation through caspase 

Part.IV TNF-α and IL-17A induce osteoblastic differentiation, but increase synergistically Schnurri-3 in isolated synoviocytes

Bila Osta, Fabien Lavocat, Ndieme Ndongo-Thiam, Pierre Miossec. TNF-α and IL-17A induce osteoblastic differentiation, but increase Schnurri-3 in isolated synoviocytes.

In preparation

We have shown previously that IL-17A and/or TNF-α have the ability of inducing osteogenic differentiation of hMSCs in vitro. Furthermore, we demonstrated that MSCs and fibroblastlike synoviocytes (FLS) co-cultured with mononucleated cells promote the expansion of Th17 cells via caspase 1 activation which leads to an elevation in the expression levels of IL-17A.

It is known that RA is a chronic disease with abnormal synovial hyperplasia, destruction of cartilage and bone, and defective bone repair. Osteoarthritis (OA) is characterized by simultaneous bone destruction and osteophyte formation with limited inflammation. FLS, the preponderant cells in the synovium, play a key role in RA pathogenesis by producing cytokines that perpetuate inflammation and matrix changes. In addition, culture of FLS in osteogenic medium leads to osteogenic differentiation of the cells with a significant increase in alkaline phosphatase activity and calcium deposits. MSC from synovial membrane has shown their multilineage potential and differentiate into chondrocytes and osteoblasts.

The effects of pro-inflammatory cytokines on osteogenic differentiation in FLS were, however, poorly studied. Moreover, conflicting results were observed in the implication of IL-17 and TNF-α to modulate osteogenic differentiation in FLS. We therefore characterized the effects of these cytokines, alone or in combination, on osteogenic differentiation in isolated human synoviocytes coming from rheumatoid arthritis patients in comparison to synoviocytes from osteoarthritis patients and healthy donors.

Part.V

Differential effects of IL-17A and TNF-α on osteoblastic function in isolated mesenchymal cells and whole bone from arthritis patients.

Bilal Osta 1 , Jean Paul-Roux 2 , Fabien Lavocat 1 , Marlène Pierre 2 , Ndieme Ndongo-Thiam 1 , Georges Boivin 2 , Pierre Miossec 1 . Differential effects of IL-17A and TNF-α on osteoblatic function in isolated mesenchymal cells and whole bone.

In preparation

In the previous parts, we have studied the effects of IL-17A and/or TNF-α focusing only on one aspect of bone homeostasis, namely the osteogenesis, using in vitro models of human MSCs and FLS. However, in vivo,a complex system regulates bone homeostasis.

Cellular interactions between osteoclasts (OCs), osteoblasts (OBs) and osteocytes are regulated by a complex network of chemokines, cytokines, hormones, and locally produced signaling molecules under the influence of mechanical stimuli. In arthritic diseases such as RA and to some extent, OA, pro-inflammatory cytokines, like TNF-α and IL-17A, lead to bone and cartilage degradation through chronic perpetuation of synovium inflammation. In an ex vivo bone explant model, inhibition of TNF-α and IL-17A inhibited IL-6 production and collagen degradation.

The effects of TNF-α and IL-17A on bone homeostasis was never studied in such ex vivo model. Thus, we compared the effects of both cytokines on osteogenic differentiation of OA and RA synoviocytes in vitro to the osteogenic differentiation in a bone explant ex vivo model, mimicking better the in vivo situation. 

Part.VI. Conclusion and prespectives

IL-17A and TNF-α are pro-inflammatory cytokines implicated in the pathogenesis of several arthritic diseases, especially rheumatoid arthritis (RA) and ankylosing spondylitis (AS). In RA, excessive bone destruction and defective bone repair leads to massive joint damage, notably by stimulating osteoclastogenesis. In ankylosing spondylitis (AS), there is ectopic ossification leading to syndesmophytes combined with systemic bone loss. Both diseases share the presence of high levels of IL-17A and TNF-α in the affected articulations.

However, several recent studies showed contradictory results on the role of these cytokines in the regulation of bone homeostasis (Part-I, sections 6 and 7). To shed some light into these conflicting results, this study investigated the effects of IL-17A and TNF-α on isolated human mesenchymal stem cells (hMSCs), synoviocytes (FLS) and bone explants biopsies in osteogenic differentiation environment. Because BM-MSCs differentiate into fibroblast-like synoviocytes (FLS), the preponderant cells in RA synovium, we also analyzed the capacity of these cells to regulate the function of Th17 cells in the presence or absence of a combination of IL-17A and TNF-α. The mechanisms involved in the regulation of IL-17A production were also studied.

In hMSCs, we demonstrated that IL-17A increased the effects of TNF-α on alkaline phosphatase (ALP) and matrix formation (Part-II). This osteogenic differentiation was associated with the cytokine-mediated induction of BMP2 expression, an activator of osteoblastogenesis accompanied with the synergistic inhibition of RANKL expression, an activator of osteoclastogenesis and the synergistic induction of Schnurri-3 expression an inhibitor of Runx2. Moreover, this combined action of IL-17A and TNF-α increased TNF receptor II (TNFRII) expression which activates several pathways associated with inflammation and cell survival. In summary, this is the first study demonstrating that the two pro-inflammatory cytokines IL-17A and TNF-α can interact to induce osteogenic differentiation of hMSCs via BMP2 and via the participation of the TNFRII.

FLS are known to be central mediators of joint and cartilage damage in inflammatory arthritic diseases through the production of matrix metalloproteinases (MMPs) that degrade collagen, and via the production of cytokines and chemokines that mediate the recruitment and activation of leukocytes. In literature, few in vitro studies have shown that synoviocytes cultured in osteogenic medium lead to osteogenic differentiation with a significant increase in ALP and calcium deposits and that they display a multilineage potential. However, their osteogenic capacity is reduced in comparison to bone marrow derived human mesenchymal stem cells (hBM-MSCs). Nevertheless, none of these studies have examined this osteogenic effect in the presence of pro-inflammatory cytokines such as IL-17 and TNF-α. Therefore, we characterized the effect of these two cytokines on inflammatory (RA) and non-inflammatory (healthy and osteoarthritis (OA)) synoviocytes (Part-IV). We demonstrated that synoviocytes have the capacity to produce matrix in osteogenic induction medium and this capacity is enhanced synergistically with the IL-17/TNF-α combined treatment. This enhancement was varied among synoviocytes origin. OA synoviocytes produced more matrix than healthy and RA synoviocytes in the presence of both cytokines, while changes in the expression of genes involved in osteoblastogenesis such as Runx2, Wnt5A and its inhibitor DKK-1, showed no difference among synoviocytes. Surprisingly, RA synoviocytes displayed the highest BMP2 and Shn3 expressions. These results are unanticipated since extensive bone destruction is observed in RA patients rather than increased bone formation. However, the levels of the pro- Next to these studies, we demonstrated that MSCs or fibroblast-like synoviocytes (FLS) co-cultured with mononucleated cells promote the expansion of Th17 cells via caspase 1 activation which leads to an elevation in the expression levels of IL-17A. This could be one of the explanations accounting for high IL-17A levels in RA, which is characterised by synovial hyperplasia.

In the following table (Table.5), we have summarized all results we obtained in both the in vitro and the ex vivo studies, highlighting the discrepancies between these models.

Regarding these conflicting results, additional investigation is needed to explain the complex interaction between IL-17A and TNF-α and their effect on osteogenesis/osteoclastogenesis especially in vivo. Since we showed that interactions between osteoclasts, osteoblasts and FLS are required to study fully the role of IL-17 and TNF-α on the bone regulation processes, the future steps are as follow:

1-We suggest performing co-cultures of OBs and OCs in osteogenic medium or not (from Healthy, OA and RA patients). Prior to the co-cultures, hMSCs and human monocytes obtained from PBMC will be differentiated into osteoblasts and osteoclasts, respectively.

Then OBs/OCs co-cultures will be cultured in osteogenic medium in different inflammatory Microarrays could be done to check the expression of major miRNAs involved in regulating OBs (see table 2, chapter 4) and OCs. Finally, we could measure by ELISA the production of pro-inflammatory cytokines such as IL-6 and IL8 to link inflammation with the bone homeostasis deregulation observed.

2-The role of RA synoviocytes in altering the osteoclast/osteoblast balance in these cocultures should also be studied. A 8 μm transwell system could be used in which osteoclasts/osteoblasts are co-cultured on the lower compartment in different inflammatory conditions and RA synoviocytes are cultured on the upper compartment in the same inflammatory conditions on a matrix layer which allows them to penetrate the lower compartment. The synoviocytes will secrete soluble factors that will influence the osteoclast/osteoblast co-culture below and will eventually invade it, through matrix degradation and form cell-cell contact with osteoclasts and osteoblasts. This model will therefore mimic more the in vivo situation. Ultimately, different potential therapeutic molecules could be tested in this transwell co-culture system. For example, miR-323-3p, which is overexpressed in synoviocytes and modulates the Wnt-cadherinsignalling could represent a therapeutic target for rheumatoid arthritis. Expression of miR-23b inhibits inflammation by reducing NFκB pathway activation, but is down-regulated in cells from patients with autoimmune diseases. IL-17 is thought to be a key mediator in suppressing miR-23b (Yves-Marie Pers& Christian Jorgensen.2013). Hopefully, such co-cultures could give some more insight into the role of these cytokines in the bone destruction observed in RA patients.

In conclusion, the investigation performed in this thesis led to the identification of detailed mechanisms induced by the pro-inflammatory cytokines IL-17A and TNF-α and involved in the bone homeostasis regulation. We demonstrated that these two cytokines control bone formation or bone resorption in a synergistic way. Therefore, simultaneous targeting of IL-17A and TNF-α could lead to a decrease in cell infiltration and joint
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  , bone mass and structure are maintained by a balance between bone resorption mediated by osteoclasts that derives from hematopoietic stem cells (HSCs) and bone formation mediated by osteoblasts that arise from mesenchymal stem cells (MSCs).MSCs have a high capacity for self renewal while maintaining multipotency. Thus, they have enormous therapeutic potential for tissue repair. MSCs are capable of differentiating into multiple cell types including adipocytes, chondrocytes, osteocytes, and cardiomyocytes. Moreover, they possess immunomodulatory characteristics. This was confirmed with several in vitro and in vivo studies. One of the main influencing actors in the differentiation of MSC is the cytokines. Interleukin-17A (IL-17A) is an important cytokine involved in the bone inflammatory disease. IL-17A is a pro-inflammatory cytokine produced by different cell types mainly CD4 + T cells called Th17. The combination of IL-17A with other cytokines, specifically tumor necrosis factor alpha (TNF-α), results in a synergistic effect which contribute to the chronicity of the bone inflammatory diseases such as rheumatoid arthritis (RA) and ankylosis spondylitis (AS). RA causes massive destruction of juxta-articular and systemic bone while AS leads to concomitant bone destruction and ectopic bone formation because of inflammation of tendon/ligament insertions.
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 3131 Macroscopic anatomy and organization of bone tissue Bone architecture unitBone architecture unit, also known as Bone Structural Unit (BSU), is labeled an Osteon. It is the primary building block of bone tissue. Osteon could be clearly visible under the microscope using a polarized light. Each Osteon makes up a concentric layer or lamellae. It is 3μm in thickness with a bright and dark appearance. This appearance is due to the 60 o -90 o axis orientation of two consecutive lamellae. The Osteon diameter varies from 150 to 400 μm and can measure up to 2mm long[START_REF] Robling | Morphology of the drifting osteon[END_REF][START_REF] Meunier | Bone loss in osteoporotic patients[END_REF] (Figure.1).

Figure 1 :

 1 Figure 1: Structure of compact bone. (a) Cross-sectional view of compact bone shows the basic structural unit, the osteon. (b) Micrograph of the osteon, showing clearly the concentric lamellae and central canals. LM × 40. (Micrograph provided by the Regents of University of Michigan Medical School © 2012)

Figure 2 :

 2 Figure 2: Bone tissue compartments. (a) Scheme of a typical long bone shows the gross anatomical characteristics of bone. (b) Histological cut stained with goldner's showing different type of bone tissue.

Figure 3 :

 3 Figure 3: Collagen formation. Scheme representing different post-traductional modifications and assemblage of fiber collagen type 1 (Figure adapted from, Myllyharju et al. 2004)

Figure 4 :

 4 Figure 4: The multipotentiality of MSCs. This figure shows the ability of mesenchymal stem cells (MSCs) in the bone-marrow cavity to self-renew (curved arrow) and to differentiate (straight, solid arrows) towards the mesodermal lineage. The reported ability to transdifferentiate into cells of other lineages (ectoderm and endoderm) is shown by dashed arrows, as transdifferentiation is controversial in vivo. (Figure adapted from Uccelli ,A. et al.2008) 

Figure 5 :

 5 Figure 5: Mechanisms and cellular interaction of MSCs with immune cells. MSCs can inhibits both the proliferation and function of natural killer (NK) cells via HLA-G, PGE2 and IDO. MSCs inhibit the differentiation of monocytes to immature myeloid dendritic cells via PGE2. Moreover, MSCs can suppress the proliferation and cellular activity of both of CD4+ and CD8+ T-cells via the release of several soluble molecules, including PGE2, IDO, TGFβ, HGF, iNOS, HO1 and HLA-G. The differentiation of regulatory T cells is mediated directly by MSCs through releasing of HLA-G. In addition, MSC-driven inhibition of Bcell function seems to depend on soluble factors and cell-cell contact. Finally, MSCs dampen the respiratory burst and delay the spontaneous apoptosis of neutrophils by constitutively releasing IL-6. (prostaglandin E2 (PGE2); indoleamine 2,3-dioxygenase (IDO); transforming growth factor-β1 (TGFβ1); hepatocyte growth factor (HGF); inducible nitric-oxide synthase (iNOS); haem-oxygenase-1 (HO1)). (Figure adapted and modified from Najib, H.2011 & Macfarlane. et al.2013).

  myeloid progenitor cells which derived from HSCs (known as osteoclasts), and osteoprogenitor cells which are derived from MSCs (known as osteoblasts, chondrocytes, and osteocytes). Both types of cells play an important role in bone homeostasis. MSCs can be recovered from several different locations including bone marrow. MSCs are characterized by being adherent to plastic in culture, expressing CD105, CD73, CD90 and histocompatibility locus antigen (HLA)-DR surface molecules, and having the capacity to differentiate into osteocytes, chondreocytes and adipocytes. Moreover, they have a considerable immunomodulatory potential on both innate and adaptive immune cells. Recently, MSCbased investigation for clinical applications has obtained intensive attention and shows very optimistic results in animal models. Further investigations are needed to explore the clinical application especially in human models.

  Osteoblasts are the major cellular component of bone. They are mononuclear cells of 20 to 30μm in diameter, arising from mesenchymal stem cells that undergo a well defined program of gene expression as they progress through osteoblastic commitment, proliferation, and terminal differentiation [101]. At the end of the bone formation phase, osteoblasts can either become embedded in bone as osteocytes [102], become inactive osteoblasts or bone lining cells [103], or undergo programmed cell death (apoptosis)[104].

  The lineage commitment of multipotent mesencyhmal cells is driven by the selective expression of so-called master transcription regulators. Thus, MyoD (known as myogenic regulatory factors (MRFs)) directs these cells into the myogenic pathway [105]; proliferationactivated receptor γ2 (PPARγ2) promotes adipogenesis [106]; Sox9 drives chondrocyte development [107], and Runx2 is necessary for the osteoblast lineage [108-110] (Figure.6). Following lineage commitment, osteoprogenitors undergo a proliferative stage, characterized by the production of proteins such as histones, fibronectin, type I collagen c-Fos, c-Jun and p21 [111]. Subsequently, they exit mitosis, transition to expressing genes such as alkaline phosphatase (ALP), bone sialoprotein (BSP), and type I collagen, as they start to produce and mature an osteogenic extracellular matrix. Finally they express genes involved in mineralization of the extracellular matrix such as osteocalcin (OC), osteopontin and collagenase [112]. This highly regulated program of gene expression and cellular differentiation is governed by the expression and activity of transcription factors including Runx2, Osterix, SMADs, Wnt/β-Catenin, NFATc1, Twist, AP-1 and ATF4. These factors do not act alone, but interact to integrate diverse signals and to results in a fine-tune gene expression (Figure.7). The role of each of these factors as regulators of gene expression is presented and the key recent findings are discussed below.
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 6 Figure 6: Mechanical characteristic and differentiation potential of MSCs. Significant correlations exist between stem cell mechanical biomarkers and the production of lineage-specific molecules that are characteristic of differentiated cell types. Stiff cells have greater osteogenic potential with specific gene markers such as Runx2 and Osx, highly viscous cells have greater chondrogenic potential (positive correlation with apparent viscosity) with high expression of the gene markers like Sox 9/5/6, and large, "soft" cells have greater adipogenic potential with gene marker PPARγ2 and C/EBP family (Figure adapted and modified from González-Cruz RD, et al 2012).

Figure 7 :

 7 Figure 7: Model proposed for osteoblast differentiation from MSCs. Ihh is the initiator of endochondral ossification. The Runx2 expressing biopontential progenitors can differentiate into either osteoblast or chondrocyte. Then cells differentiate into preostoblast, in which Runx2 plays an essential role. In the next step, preosteoblasts differentiate into mature osteoblast, a process in which Osx plays a critical role. In the last step osteoblasts differentiate into osteocytes, and during this process, Osx is required for the expression of the two gene markers DKK1 and Sost. It is speculated that Osx controls osteocyte differentiation from osteoblasts (Figure adapted from Zhang Chi 2012).

  osteoblastogenesis[113]. Runx2 is a member of the Runt family of transcription factors that is expressed by mesenchymal cells at the onset of skeletal development and it acts throughout the induction, proliferation, and maturation of osteoblasts and regulates expression of many osteoblastic genes[114]. Although Runx2 is the most abundant factor in mature osteoblasts, Runx1 and 3 are also present in osteoblast lineage cells[115]. The Runx regulatory element can be found in the promoter of all major osteoblastic genes controlling their expression, BSP and OCN, resulting in the establishment of an osteoblast phenotype. Additionally, Runx2 can be phosphorylated and activated by the mitogen-activated protein kinase (MAPK) pathway by binding of type I collagen to α2β1 integrins on the osteoblast surface [116]. In addition to control osteoblast differentiation, Runx2 was found to negatively control osteoblast proliferation by acting on the cell cycle [117]. It is intriguing that Runx2 can modulate the expression of kinases such as p85 PI3K that controls osteoblast differentiation and survival [118]. Recent studies indicate that Runx2 interacts with several regulatory proteins within the nuclear architecture, resulting in activation or repression of genes which control the program of osteoblast proliferation and differentiation. This indicates that Runx2 can control osteoblastogenesis through multiple mechanisms [113]. Despite its important role in osteoblast commitment, Runx2 is not essential for the maintenance of the expression of the major bone matrix protein genes in mature osteoblast [119]. Mice overexpressing Runx2 exhibit osteopenia, as a result of reduced number of mature osteoblast terminal differentiation and maintenance of osteoblastic cells in an immature stage [120]. Thus, Runx2 can act differently at multiple levels to control osteoblast differentiation and bone formation. As expected from the important role of Runx2 in osteoblastogenesis, both expression and activity of Runx2 are tightly controlled transcriptionally and post-translationally. Several recent papers shed light into the factors and mechanisms that control Runx2 function. Histone acetyltransfereases, such as p300, CBP, PCAF, MOZ and MORF, are coactivators of Runx2 [121, 122]. They add acetyl groups to lysine residues of histone and nonhistone target proteins, which modifies protein function by a variety of mechanisms including altered protein-protein interaction and altered protein stability. Histone deacetylation, catalyzed by histone deacetylases (HDACs) is correlated with chromatin condensation and transcriptional repression. The interaction between Runx2 and HDACs was first suggested by the discovery that histone deacetylases inhibitors reduce the activity of some Runx2 repression domains [123]. Subsequent studies have shown that Runx2 binds and is functionally inhibited by HDAC3, 4, 5 and 7 [124-129]. It remains poorly understood how these complexes participate in regulation of Runx2 activity, although it has been shown that Runx2 target gene expression is repressed by HDACs through multiple distinct mechanisms and in response to various osteogenic signals such as BMP2 and PTH. (Figure.8).Runx2 and PTHParathyroid hormone (PTH) is another important regulator of skeletal physiology that stimulates Runx2 interaction with acetyltransferases. PTH is a strong inducer of MMP-13 transcription in osteoblasts[130]. Stimulation of these cells with PTH leads to a protein kinase A-dependent binding of p300 to Runx2 on the MMP-13 promoter, resulting in increased histone acetylation and gene transcription[131, 132]. PTH also regulates Runx2 activity through other mechanisms such as phosphorylation[133] and promoting interactions with AP-1 transcription factors[134, 135]. Finally, PTH decreases Runx2 protein stability by ubiquitin-mediated proteolysis, limiting PTH stimulation of osteoblastic genes [136] (Figure8).
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 8 Figure 8: Regulation of osteoblast differentiation by transcription factors. The major transcription factors Runx2, Osx, and ATF4, which are activated and regulated by other important transcription factors, control the differentiation and maturation into the osteoblastic lineage starting from mesenchymal stem cells. In osteoblast differentiation, Runx2 is essential for the osteogenic potential of uncommitted osteochondroprogenitors and Osx is required for the commitment of osteochondroprogenitors to preosteoblasts and mature osteoblasts (Figure adapted and modified from Baek WY, et al.2011).
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 318 is a substrate for the RSK2 kinase. Deficiency in ATF4 decreased bone formation[159], while forced accumulation of ATF4 induced osteoblastic gene expression in non-osseous cells[160]. ATF4 forms a complex withRunx2 [161] at the OCN promoter to increase OCN transcription(Figure.8).3.1.7. Helix-loop-Helix proteinThe helix-loop-helix (HLH) protein, including Id and Twist, are expressed during the proliferating stage in osteoblasts. One mechanism through which Twist acts to impair osteoblastogenesis is by binding to the Runx2 DNA binding domain and inhibiting its ability to bind DNA [162] (Figure.8). Twist also inhibits BMP/SMAD responsive transcription by forming a complex with Smad4 and HDAC1 [163]. Zinc Finger Protein / Schnurri-3 Two major families of Zinc-finger transcription factors are the kruppel-like factors (KLFs) and Specificity Proteins (Sps). Members of both groups participate in the regulation of gene expression in osteoblasts through interactions with other transcription factors at target gene promoters. ZFP521, a KLF protein, is expressed in osteoblast precursors, osteoblasts and osteocytes, as well as in chondrocytes [164]. Its expression increases during osteoblast differentiation and in response to PTHrP, while BMP2 decreases ZFP521 levels. ZEP521 binds Runx2 and antagonizes Runx2 gene transactivation, and overexpression of ZFP521 in in vitro osteoblast cultures impairs their differentiation. Recently, it was discovered that mice with germ line deletion of Schnurri-3 (Shn3 also known as ZAS3, a large zinc finger protein [165]) displayed a massive increase in bone mass, revealing an unexpected role for this protein in the skeletal system [166, 167]. Shn3-deficient animals showed markedly augmented osteoblastic bone formation in vivo. Consistently, cultured primary osteoblasts lacking Shn3 express increased levels of classic osteoanabolic genes and produce increased amounts of mineralized ECM. In osteoblasts, Shn3 functions at least in part by regulating Runx2 protein levels via promoting its degradation through recruitment of the E3 ubiquitin ligase WWP1 [166] (Figure.8). Wein et al. showed that selective deletion of Shn3 in the mesenchymal lineage recapitulates the high bone mass phenotype of global Shn3 knock-out mice, including reduced osteoclastic bone catabolism in vivo and indicating that Shn3 expression directly controls osteoblastic bone formation and indirectly regulates osteoclastic bone resorption [168, 169]. Cellular and genetic analyses showed that several transcription factors that belong to the homeobox proteins (Msx1, msx2, Dlx5, Dlx6) may play a role in osteoblast differentiation. These proteins act as a transcriptional repressors or activators and are essential for normal ossification [170-172]. Msx2 inactivation delays skull ossification in mice which is associated with decreased Runx2 expression [173]. Cellular analysis showed that Msx2 is expressed mainly in osteoprogenitor cells and is downregulated during differentiation [174]. Consistently, Msx2 promotes osteoblast proliferation and differentiation into mesenchymal cells [175, 176] but inhibits Runx2 activity and osteoblast gene expression in more mature osteoblasts in vitro [177, 178]. Additionally, Msx2 controls osteoblast apoptosis during in vitro osteogenesis [179], suggesting a stage specific action of Msx2. In vivo, however, Msx2 is a positive regulator of bone formation [180]. In contrast to Msx2, Dlx3 and Dlx5 are expressed at all stages of osteoblast differentiation and their expression increases in more mature osteoblasts [174, 181]. Dlx3 has a complex role as it has both positive and negative effects on OCN gene transcription [174]. One function of Dlx5 is to activate the expression of Runx2 and of the bone markers BSP and OCN [182] (Figure.8). The potential role of other Dlx proteins is unknown, except for Dlx2 which is recently shows a potential osteogenic differentiation of stem cells [183].

  mesenchymal stem cells through osteoblast differentiation. Osteocytes are the most abundant cellular components of mammalian bones, making up to 90% of bone tissue cells and are derived from 10 to 20% of osteoblasts that are walled in the matrix during formation. As it can be derived from matured osteoblasts[184, 185]. Osteocytes possess morphologic and phenotypic characteristics that can live long[103]. The transformation of an osteoblast into an osteocyte has long been considered as a passive "burial" in the newly formed matrix[102].Recently, it is recognized that this differentiation is an active mechanism in which the cell acquired certain characteristics[186]. Osteocytes are regularly spaced throughout the mineralized matrix and communicate with each other and with cells on the bone surface via multiple extensions of their plasma membrane that run along the canaliculi [187] (Figure.7).Osteocytes have alternatively resorbing activity (via OCs activation) then formation (OBs activation). The synthesis activity is strongly reduced and the osteocytes express specific genes which are different from those expressed by osteoblasts[188]. This kind of role by osteocytes is done in the presence of mechanical stimuli. As yet, it is not fully comprehended how osteocytes sense mechanical stimuli, and only a fraction of the whole range of molecules that osteocytes subsequently produce to regulate bone formation and degradation in response to mechanical stimuli is known. Recently, it was mentioned that mechanosensing is enabled by force-induced conformational changes in cellular structures, such as stretch-activated ions channels, integrin complexes, and cell-cell adhesions. The conformational changes enable the influx and efflux of ions or the activation of signaling cascades, resulting in altered cell shape and altered activity and production of proteins[189]. With respect to osteocyte mechanosensing, the focal adhesion kinase inhibitor-14 has been shown to abolish fluid flowinduced stabilization of β-catenin and consequent activation of the Wnt/ β-catenin pathway in osteocytes, suggesting that focal adhesions and integrins play an important role in osteocytes mechanosensing[190]. It has been hypothesized that osteocytes in the skull and long bone have different sensitivity to mechanical stimulation, and this is based on their difference in mechanical environment, which could not be confirmed in vitro[191, 192]. Recently, a new study reported that mechanical loading in osteocyte can induce formation of Src/Pyk2/ MBD2 (methyl-CpG binding domain protein 2) complex that resulted in suppression of anabolic gene expression. This process occurred through translocation and accumulation of Src/Pyk2 in the nucleus and associates with protein involved in DNA methylation[193]. The osteocytes cytoskeleton might be altered during osteoporosis, since enhanced circulating levels of cytokines are present, which are known to modulate the cytoskeleton in several cell types.Cytokines are also highly expressed during inflammatory diseases such as Crohn's disease and rheumatoid arthritis, and are associated with loss of bone mass. The cytokine TNF-α and IL-1β inhibit the increase of nitric oxide (NO) production and intracellular calcium that is normally observed in cultured osteocytes after application of a mechanical stimulus in the form of fluid flow[194]. TNF-α and IL-1β strongly reduce F-actin content, which results in a reduction of osteocyte stiffness as indicated by elastic moduli determined by twisting magnetic beads attached to the cell, providing a possible mechanism through which inflammation contributes to loss of bone mass[194].

  lining cells (BLCs) come from osteoblasts which have become flattened. BLCs have flat or slight organelles (ovoid nuclei) extended over bone surfaces, connect to other BLCs via gap junctions, and send cell processes into surface canaliculi [205]. They are evident in adults, although some are present in children skeleton. The lining cells are correspond to a relatively inactive form of osteoblasts. Evidence also suggests that BLCs are important in the maintenance of the bone fluids and the fluxes of ions between the bone fluid and interstitial fluid compartments for mineral homeostasis [205].

  sense and adapt to mechanical stimulus in order to maintain a balance between bone formation and resorption[206]. Many studies focus on the importance of cell-cell adhesions and the interactions of ligands from the extracellular matrix (ECM) ligands with certain cell surface receptors in determining cell fate [207]. Equally important structures are the cytoskeletal structures to which adhesion receptors usually connect to. Formation of adhesions by integrins involves both binding to ECM proteins and linkage to the fibrous polymers of the cytoskeleton [208]. Cells sense their physical surroundings through mechanotransduction which corresponds to the translation of mechanical forces and deformations into biochemical signals such as changes in intracellular calcium concentration or activation of diverse signalling pathways. In turn, these signals can adjust cellular and extracellular structures. This mechanosensitive feedback modulates cellular functions as diverse as migration, proliferation, differentiation and apoptosis, and is crucial for organ development and homeostasis [209]. The mechanosensing machinery in osteoblastic cells and its signalling pathways remain largely unknown. The most recent pathway is the YAP (yes-associated protein) and TAZ (transcriptional coactivator with PDZ-binding motif) pathway. YAP/TAZ were identified as transcription factors acting on the Hippo pathway, and have also been implicated in cell recognition of matrix rigidity and mechanotransduction independently of the Hippo cascade [210, 211]. It has been reported that YAP/TAZ functions in osteoblastic cells in response to mechanical stimulation through an interaction with Runx2. YAP represses the transcription of the osteocalcin gene through interaction with Runx2 in osteoblastic cells in a c-Src-dependent manner [212, 213], while TAZ stimulates osteogenesis from MSCs by activating Runx2 activity and suppressing PPARγ function [214]. So Taz functions as a molecular rheostat that modulates MSC differentiation. More recently, YAP/TAZ activities have been shown to be regulated via integrin β1 and to stimulate osteogenesis from mesenchymal stem cells in vivo [215]. Thus, intergin may be essential to the mechanosensing machinery in osteoblastic cells and is involved in activation of the Src-JNK-YAP/TAZ pathway in response to mechanical stimulation [216]. Moreover, a control of YAP/TAZ by Wnt/Hippo crosstalk was reported, in a way that Wnt signalling can promote cell proliferation in a wide range of body tissue, and hippo can limit cell proliferation in an equal wide range [210, 217, 218]. This occurs through phosphorylation of YAP/TAZ bound to β-catenin and inhibition of its nuclear translocation [219]. On the other side, TAZ degradation depends on phosphorylated β-catenin that bridges TAZ to its ubiquitin ligase. Upon Wnt signaling, escape of β-catenin from the destruction complex impairs TAZ degradation and leads to concomitant accumulation of β-catenin and TAZ [220]. 3.5. Conclusion Osteoblasts originate from mesenchymal stem cells. The osteoblast lineage cells, consisting of osteoblasts, osteocytes and bone lining cell, are engaged in bone formation. The differentiation and function of these cells are regulated by hormone, cytokine such as BMPs, transcription factors (Runx2, Osx). Osteoblast lineage cells show stepwise expressions of their specific markers including ALPase and matrix proteins. Numerous factors might be involved in the differentiation of osteoblasts. Furthermore, cell-cell and cell-matrix interactions participate in the functional and morphological changes of osteoblast lineage cells

Figure 9 :

 9 Figure 9: Epigenetic regulation of osteoblastic lineage differentiation. A complex network drives the osteogenic differentiation of MSCs. The transcription factors Runx2 controls the process inducing the expression of key genes. Its expression is tightly regulated by a wide variety of mechanisms, including positive and negative modulators, co-activators and co-repressors, as well as epigenetic marks. The thickness of the arrows represents the strength of the inhbition. (Figure adapted and modified from, Delgado-Calle J et al. 2012)

[

  282]. After almost 10 years, a co-culture system of mouse osteoblasts/stromal cells and hematopoietic cells for osteoclast formation (or osteoclastogenesis) established the concept that osteoblast/stromal cells are essentially involved in the formation of osteoclasts. The close contact between cells from the osteoblastic and hematopoietic lineage is necessary for osteoclastogenesis [282]. It is now known that stromal cells/osteoblasts are able to produce two essential factors for osteoclastogenesis: nuclear factor k-B ligand (RANKL) and macrophage colonystimulating factor (M-CSF) (Figure.10) [289-291]. Signalling pathways initiated by these two factors lead to the expression of genes leading to osteoclasts [289]. Mature osteoclasts are characterized by markers such as integrin α v β 3, calcitonin receptor (CTR), cathepsin K (CTK), metalloproteinase 9 (MMP-9), H + -ATPase, carbonic anhydrase (CA II), and tartrate resistant alkaline phosphatase (TRAP) [292].

(

  MGF) or macrophage and granulocyte inducer IM (MGI-IM). M-CSF is a homodimeric glycoprotein synthesized by bone marrow stromal cells and osteoblasts [293-295]. It induces proliferation and survival of the common precursors of osteoclasts and macrophages. Additionally, M-CSF signalling stimulates RANK expression in the osteoclast precursor rendering them more responsive to RANKL [296, 297]. The pivotal role of M-CSF in osteoclastogenesis was confirmed by studies of osteopetrotic (op/op) mice. These mice harbour a null mutation in the coding region of M-CSF gene which leads to the production of a truncated protein. The biologically inactive M-CSF leads to a severe deficiency in osteoclast formation and hence osteopetrotic phenotypes. Moreover, many of the effects of the op/op mutation can be rescued by the administration of soluble M-CSF to neonatal mice [298]. The biological effects of M-CSF are mediated via its sole receptor, c-fms, which is also referred to as CSF-1R or M-CSFR [293-295]. The transcription factor PU.1 binds to the

Figure 10 :

 10 Figure 10: Osteoclastogenesis. Osteoclastogenesis is a multi-step process regulated by a sequential series of molecular events. Transcriptional factor PU.1 is critical for the determination of hematopoietic stem cells (HSCs) to the myeloid lineage (CFU-GEMM), and can also up-regulate the expression of M-CSF receptor, c-fms. The binding of M-CSF to c-fms ensures the proliferation and survival of monocyte/macrophage linage precursors (CFU-M) from coming CFU-GEMM. In addition, M-CSF can increase the expression of RANKL receptor, RANK. RANKL and RANK binding initiates signalling pathways required for CFU-M to assume the osteoclast phenotype.

Figure 12 :

 12 Figure 12: Cooperation betweenRANKL and ITAM induced signals in osteoclastogenesis. Osteoblasts/stromal cells express RANKL, which recognizes RANK on osteoclast precursor cells. RANK then binds to TRAF6, which, in turn activates NFATC1 through NF-B and c-Fos. In addition, transmembrane adapter proteins, FcRγ and DAP12, associate with immunoglobulin-like receptors, OSCAR, PIRA-A, TREM-2 and SIRPβ1. RANKL/RANK and stimulation of the immunoglobulin-like receptors possibly by endogenous signals from osteoblastic cells or osteoclastic collaboratively phosphorylate ITAM motifs present in those adaptor proteins, and then recruit the Syk family kinase to the phosphorylated tyrosine residues. Finally, through phospholipase Cγ (PLCγ), the calcium signalling pathway is activated, leading to NFATc1 induction.

Figure 13 :

 13 Figure13: Regulation of osteoclast formation by the OPG/RANK/RANKL axis. RANKL on osteoblasts/stromal cells binds to its receptor RANK on osteoclast precursors and thus initiate a signal transduction cascade, leading to osteoclast differentiation. Intriguingly, Osteoblast/stromal cells also produce a decoy receptor for RANKL, OPG, which can block RANK and RANKL binding. This crosstalk mechanism is also an endpoint for the actions of several hormones and cytokines, such as estrogens, interleukins, prostaglandin E2 (PGE2), TGF-β and parathyroid hormone (PTH).

  17 and receptor function, but understanding of IL-17 receptor signal transduction is still surprisingly limited. As indicated, IL-17 receptor bears little homology to other known cytokine receptor families [354]. IL-17A, IL-17F and IL-17A/F heterodimer mediate their function through a heterodimeric receptor complex of IL-RA and IL-RC [355] (Figure.14). A lack of either IL-17RA or RC completely abolishes the inflammatory function of both cytokines.Efforts were made to understand IL-17RA signal transduction based on IL-17 target genes and their promoters. Due to this highly expression, IL-17A can induce the release of several pro-inflammatory mediators by those cells (Table.

5 and 6 )

 56 . Moreover, IL-17 can synergize with other cytokines, especially with TNF-α, IL-1β, IL-4 and IFN-γ to promote strong immune responses [355-360] . Signaling downstream of IL-17R mediates NF-B and MAPK activation. This activation requires the recruitment of the cytoplasmic proteins Act1, TRAF6 and TAK1 (Figure.14). [361]. Although some reported IL-17A as a weak NF-B activator, it may vary depending on the cell type [355]. Several laboratories have shown that IL-17A serves as a strong stimulus to induce the stabilization of unstable mRNAs notably of several cytokines [362].

  (IL-17, CTLA8) IL-17RA, IL-17RC Th17 cells,CD8+ Tcells, γδ T cells, NK cells, NKT cells, T lymphocyte antigen 8; IL-17R, interleukin-17 receptor ; NKT, natural killer T ; LTi, lymphoid tissue inducer ; THP-1 cells, human leukemia monocytic cell line; Th, T helper.(adapted from Xiaoping Zhang. et al.2011Table.4| Distribution and function of ILexpression to FGF genes; FGF-R, fibroblast growth factor receptor; EGF, epidermal growth factor; ND, not determined. (adapted from Xiaoping Zhang. et al.2011 and Seon Hee Chang et al. 2011)

Figure 14 :

 14 Figure 14: Signal transduction of the IL-17 receptor complex. The IL-17R is composed of at least two IL-17RA subunits and at least one IL-17RC subunit. Binding of ligand [IL-17A, IL-17F or IL-17A/F] triggers signaling mediated through at least two motifs in the IL-17RA tail: a SEFIR/TILL domain upstream, which contains elements homologous to TIR domains, and a distal domain that activates C/EBPβ activation. The major signaling intermediates include Act1, TAK1 and TRAF6, which coordinate NF-B and probably MAPK and C/EBP activation, in addition to ERK signaling. Activation of these pathways leads to alteration of gene expression mediated by both the levels of transcription and mRNA stability. JAK1 and PI3K pathways have also been implicated, but far less is known about whether and how this occurs. GSK3β inhibits the C/EBPβ activity and this event requires the distal domain to be processed (Figure adapted from. Shen et al, 2008 & 2010).

  1 activation: contribution to the chronicity of rheumatoid arthritis. ArthritisRheum. 2012 ; 64:2147-57. PMID: 22275154 Th17 cells have been implicated in inflammatory and autoimmune diseases such as rheumatoid arthritis (RA). The crucial role of IL-17 in the development of autoimmune diseases has been demonstrated in the SKG mouse model, where self-reactive IL-17-secreting T cells were shown to mediate an autoimmune arthritis resembling RA. In addition to their initiating role in RA, Th17 cells also play a role in the propagation of inflammation, through enhancement of antibodies formation, secretion of pro-inflammatory cytokines and synthesis of metalloproteinases or other proinflammatory mediators, by cells residing in the synovium. Th17 cells also participate in bone degradation by increasing the expression of RANKL in osteoblasts, which in turn, leads to enhanced osteoclastogenesis. The mechanisms leading to Th17 maintenance in the RA synovium remain elusive. Indeed, even though inflammatory cytokines, such as IL-1, IL-23, IL-6, and TGF-β, promoting Th17 differentiation, are found in the RA synovium, cytokines such as IFN-γ or IL-12, which counteract their differentiation, are also expressed. Furthermore, mesenchymal stem cells (MSCs), Treg cells as well as other cells, which contribute to the immune regulation of T cell functions, are also present. To address this paradox, some previous studies have proposed that the immunomodulatory activity of MSCs could be defective in an inflammatory environment. Others have shown that bone marrow-derived MSCs (BM-MSCs) in collagen-induced arthritis (CIA) do not affect the development of arthritis and may even accelerate CIA through enhancement of IL-6 production. A more recent study implicated the interaction of synovial fibroblasts with T cells in the autocrine IL-17A production and subsequent matrix metalloproteinases induction in early RA Because BM-MSCs differentiate into fibroblast-like synoviocytes (FLS), the preponderant cells in the RA synovium, we analyzed the capacity of BM-MSCs or FLS from RA patients to regulate the functions of Th1, Th2, as well as Th17 cells in the presence or absence of a combination of T cell-secreted inflammatory cytokines, such as IL-17A, IFN-γ and TNF-α. We also investigated the mechanisms involved in the regulation of IL-17A production.

Figure 1 :FiguresFigure 2 :

 12 Figure 1: Effects of IL-17A and/or TNF-α on extracellular matrix of synoviocytes.FLS were cultured at a density 5x10 3 cell/cm 2 . (A) In the absence (column 1) or presence (column 2) of osteogenic factors, TNF-α 1ng/ml (column 3) or IL-17A 50ng/ml (column 4), or both (column 5) were added or not to cultures. After 7, 14 and 17 days, cells were stained with alizarin red and (B) calcium deposits were quantified and analyzed for each condition using the Wilcoxon test * p<0.05, ** p<0.005, ***p<0.0005 vs. induction medium alone, # p<0.05 , ## p<0.005 TNF-α alone vs. IL-17A and IL-17A + TNF-α, ### p<0.0005 IL-17A vs. IL-17A + TNF-α.

Figure 3 :

 3 Figure 3: Effects of TNF-α and Il-17A on osteogenic markers.FLS were cultured in osteogenic medium, in the presence or absence of TNF-α 1 ng/ml and/or IL-17A 50 ng/ml. Osteogenic gene expression of (A) BMP2, (B) Wnt5a and (C) Runx2 were measured by q-RT-PCR at 6, 12, and 24 hrs. Results were analyzed using the Wilcoxon test. * p< 0.05; ** p< 0.005 vs. without cytokines.

Figure 4 :

 4 Figure 4: Effects of TNF-α and Il-17A on IL-6 and IL-8 production. (A). OA and (B) RA FLS were cultured in osteogenic medium for 14 days and bone samples (C) for 7 days, in the presence or absence of TNF-α 1 ng/ml and/or IL-17A 50 ng/ml. IL-6 and IL-8 concentration in the supernatant were quantified by ELISA. Results were analyzed using the Wilcoxon test. * p< 0.05, ** p< 0.005 vs. induction medium alone.

Figure 5 :

 5 Figure 5: Effects of IL-17A and/or TNF-on BV/TV ratio. Bone samples were cultured for 7 days in 6 well-plate, in the presence or absence of IL-17A (50 ng/ml) and TNF-α (1 ng/ml) or both, then the bone were used for histomorphometric analysis. Bone volume over tissue volume (BV/TV) was measured with automatic image analyzer at low power field (x1) (Imager A1, Axio, Zeiss, Germany). Results were analyzed using the Wilcoxon test. * p< 0.05 vs. without cytokine.

  inflammatory cytokines IL-6 and IL-8 rised from H to OA synoviocytes and reached a maximum with RA synoviocytes which exhibited the highest RANKL stabilization. This higher inflammation combined with osteoclastogenesis pathway activation in RA synoviocytes corroborates with what is observed in RA patients where the high inflammatory environment in the articulations leads to an increased activation of bone-resorbing osteoclasts (OCs) directly or through modification in epigenetic markers that regulates the OBs/OCs axis. It could be that pro-inflammatory cytokines activate osteoclasts first, leading to the inhibition of the differentiation of bone-forming osteoblasts and later on, to the invasion of the bone by RA synoviocytes. Therefore, the interaction between these different cell types and the balance between the secreted molecules and signaling pathways activated determine the overall effect.In an attempt to study the effects of IL-17A and TNF-α in a more in vivo situation, we developed an ex-vivo model of bone explants from OA and RA patients where both osteoclast and osteoblast cells are present. IL-17A and TNF-α induced an increase in ALP activity in OA but not in RA bone explants, while IL-6 and IL-8 production increased significantly in both. However, a slight but significant decrease in bone volume over tissue volume (about 10%) was observed in bone explants of both OA and RA patients in the presence of the cytokine combination. Hence, the presence of different cell types within the ex vivo model induced different TNF-α and IL-17-mediated effects than in the in vitro model. This observation indicated that the net effects of the pro-inflammatory cytokines TNF-α and IL-17 in arthritic diseases lead to increased bone destruction, through impaired osteogenesis and favored osteoclastogenesis. Nevertheless, our findings were limited in this ex vivo model by the small amount of patient material, the variations among the patient samples, the short life span of OCs and the difficulty in staining osteoblast cells. Thus, to improve this ex vivo model, we should increase the number of patient samples, optimize culture duration, and add osteoclastogenic factors in order to support OCs presence.

  conditions (TNF-α and /or IL-17) in an attempt to mimick better the in vivo situation. Cocultures could also be performed on different relevant bone substitution materials (collagen or calcium phosphate) and the best condition could be selected for follow-up experiments. In this model, several markers could be analyzed, such as OC activation markers (e.g. Tartrateresistant acid phosphatase by TRAP staining TRAP and matrix metallopeptidase by ELISA) and OB activation markers (e.g. BMP2 by qPCR and the Wnt/β-catenin pathway by qPCR and western blot). Transcription factors like Runx2, OSx, Msx, Dxl5 matrix mineraliztion factors ALP, OCN, COL1A and inhibitor factors such as SOST and DKK can be checked by qRT-PCR. RANKL and M-CSF expression which are important for osteoclast differentiation and are produced by osteoblasts can be quantified. Moreover, recently microRNAs have been shown to play an important role in regulating key transcription factors in bone homeostasis.
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  Table.1).

2.

1.3.2.3. Heart 

In myocardial infarction, transplanted MSCs or bone marrow mononucleated cells integrate into damaged tissue and differentiate into cardiac muscle cells. Autologous bone marrow mononucleated cells transplantation in acute myocardial infarction patients resulted in efficient cardiac function recovery for up to one year

[START_REF] Schachinger | Intracoronary infusion of bone marrow-derived mononuclear cells abrogates adverse left ventricular remodelling post-acute myocardial infarction: insights from the reinfusion of enriched progenitor cells and infarct remodelling in acute myocardial infarction (REPAIR-AMI) trial[END_REF] 

(Table.1). 2.1.3.2.4. Other Tissues

1.3. Wnt and β-Catenin Genetic

  

	3.1.2. Osterix
	Osterix (Osx, also known as Sp7) is a zinc finger transcription factors expressed in osteoblasts
	and, like Runx2, is required for bone formation [137]. Osx-null mice die at birth due to their
	lack in mineralized skeletons. Bones formed by intramembranous ossification are entirely
	non-mineralized, while endochondral bone exhibit regions of mineralized cartilage, indicating
	that Osx functions specifically in osteoblasts. However, Runx2 is expressed in Osx-deficient
	mice, indicating that Osx acts downstream of Runx2 [138] and acts by directing pre-
	osteoblasts to immature osteoblasts. This was confirmed through characterization of a Runx2-

binding element in the Osx gene promoter [139]. Osx activation of collagen IA1 promoter is enhance by binding of NFATc1 to Osx, an interaction that is disrupted by calcineurin [140] (Figure.8). Another function of Osx is as inhibitor of the canonical Wnt signaling by inhibiting DNA binding of (TCFs) [141]. One zinc finger protein, Schnurri-2, was found to negatively control Osx and thereby bone formation [142]. Additionally, p53 was found to repress Osx transcription [143]. Despite these interesting findings, the details concerning the regulation and function of Osx are incompletely understood. 3.studies have revealed that canonical Wnt signaling is an important pathway controlling bone formation and bone mass [144, 145]. Interaction of some Wnt proteins with frizzled and LRP5/6 co-receptors leads to inhibition of GSK-3-mediated β-catenin phosphorylation, resulting in β-Catenin accumulation and translocation into the nucleus, binding to LEF/TCF transcription factors and activation of down stream genes. Inactivation of β-catenin blunts osteoblast differentiation from mesenchymal progenitors, indicating that βcatenin plays an essential role in osteoblast differentiation and calcification in in vivo via inducing Runx2 expression [146, 147] (Figure.8).

3.

1.4. BMPs and SMADs

  

	Bone morphogenetic proteins (BMPs) were discovered in 1965 as potent inducers of
	ectopic bone formation when implanted subcutaneously. BMP2, 4, 6 and 7 are osteoinductive.
	BMP signaling leads to phosphorylation and nuclear translocation of receptor-activated
	SMADs (rSMADs), which interact directly with DNA and associate with other transcription
	factors (such as Dlx) to regulate gene transcription. rSMADs direct MSCs into the osteoblast

lineage through induction of Runx2 expression

[148]

. They also interact with Runx2 protein to synergistically regulate transcription

[149][150][151]

. The SMAD-interaction domain in Runx2

  Cells of multicellular organisms are genetically the same; however, their functions and structures differ. This diversity is due to the differential expression of genes that originate during development

	4.1. Epigenetic regulation during osteoblastic differentiation [241]. Not only DNA methylation is critical for osteogenic differentiation, but also osteogenic signals such as BMP2 and PTH. Lamour et al. showed that Runx2 recruits
	and are subsequently retained through mitosis. Such stable alteration in gene expression is called chromatin remodeling plays an important role. It has been shown that different transcription HDAC3 to the BSP promoter, where it represses transcription by deacetylating histones [129]. miR-31/106a/148a/424/30c/15b Differentially expressed during MSC [269] osteogenic differentiation Osteoblasts and osteocytes originate from MSCs as well as other cell types such as factors induce chromatin remodeling at target promoters [242]. In fact, histone modifications miR-335-5p Negative regulation of DKK1, increases [270] Wnt signaling chondrocytes. This highlights the need for mechanisms regulating lineage-specific are associated with OCN expression [243]. H3K4 and H3K6 methylation is associated with Several miRNA arrays have identified a number of miRNAs whose expression changes miR302a Modulates BMP and Runx2, promotes [271] osteoblast differentiation differentiation of MSCs and maintaining the mature phenotype. MSCs differentiate into miR-548d-5p Enhances osteoblast differentiation [272]
	epigenetic [221, 222]. Therefore, epigenetic refers to the study of mechanisms able to influence osteoblasts that will proceed later into osteocytes and lining cells, through a complex process HOXa-10 and AP-2α expression respectively, and determine the advance of the osteogenic during MSC differentiation, affecting target gene translation, and thus suggesting that (adapted and modified from, Delgado-Calle J et al. 2012)
	gene expression in a stable and potentially heritable manner without altering the DNA that involve transcription factors (discussed previously) and also modifications of the differentiation [244, 245]. Other important genes regulated by histone modifications are miRNAs expression is actively involved in the regulation of this process. The table below
	sequence. These mechanisms include post-translational histone modifications, regulation of epigenetic marks [231]. Runx2, AP-1, ATF4 and Smads. summarizes some of those miRNAs (Table2).
	protein synthesis by means of miRNA and DNA methylation [222] MSCs during osteogenic differentiation undergo a dramatic transformation, at the gene As expected from the important role of Runx2 in osteoblastogenesis, both expression and Table.2| miRNAs involved in the regulation of osteoblast differentiation
	miR# ID	Observation	Ref
	1. Histone modifications include methylation, acetylation, phosphorylation, sumoylation activity of Runx2 are tightly controlled transcriptionally and post-translationally. Several miR-103a ( function as mechano-sensitive) Targets Runx2 and impairs osteoblast differentiation [248]
	and ubiquitination [223, 224]. Generally, histone modification can be divided into those that recent papers shed light into the factors and mechanisms that control Runx2 function. Histone miR-104-5p Targets BMP and impairs osteoblast differentiation [249]
	correlate with activation of transcription (mainly acetylation and phosphorylation) and those acetyltransferases, such as p300, CBP, PCAF, MOZ and MORF, are co-activators of Runx2 miR-125b Inhibits proliferation and impairs osteoblast differentiation [250]
	that correlate with repression (methylation, sumoylation and ubiquitination) [225]. miR-338-3p Targets Runx2 and Osx, impairs osteoblast differentiation	[251]
	2. Micro-RNA, was first discovered in the early 90s [226]. MiRNA are non-coding RNAs miR-133/135-a Targets Runx2 and Smad 5, impairs [252] osteoblast differentiation of about 22 nucleotides. Bioinformatics predictions indicate that miRNAs may be involved in miR-135b Targets sialoprotein, osterix, osteocalcin [253] and Runx2 the regulation of 60% of the coding genes [227]. miRNAs bind to the 3' or 5' UTR of mRNAs miR-141/200a Targets Dlx5, impairs osteoblast [254] differentiation and induce their cleavage or translational repression depending on the degree of miR-196a Targets Hoxc8, enhances osteoblast [255] differentiation complementarity [228]. 3. DNA methylation consists in the addition of methyl groups in cytosines that precede guanines (CpGs) [229]. Interestingly, there are CpG enriched areas in many gene promoters observed that DNA methylation occurs during osteoblast-osteocyte transition allowing osteocytes to express SOST, additionally sirtuin 1, a histone deacetylase, was suggested to miR-204/211 Targets Runx2 impairs osteoblast [256] differentiation HDAC6 binds Runx2 and miR-206 Targets connexin 43, impairs osteoblast [257] differentiation represses its activity. Subsequent studies have shown that Runx2 binds and is functionally miR-208 Indirectly upregulates BMPs [258]
	and their surrounding regions, known as CpG islands. DNA methylation at these sites is directly regulate SOST expression (Figure.9)[234, 235]. miR-210 Targets AcvR1b, inducing osteogenesis [259] inhibited by HDAC3, 4, 5 and 7 [124-129]. Inhibition of HDACs with small molecule miR-218 Decreases SOST expression [260]
	usually associated with silencing of gene transcription [230]. Likewise, it has been reported that reduced DNA methylation of other CpG islands in the inhibitors or RNA interference-mediated suppression accelerates osteoblast differentiation in Regulated by Runx2; targets SATB2 [261, miR-23a/27a/24-2 and Runx2 262]
	Although each epigenetic mechanism by itself is capable of affecting gene expression, promoter region of OCN and osteopontin genes is associated with osteogenic differentiation vitro, suggesting that HDACs may be clinically relevant targets for bone anabolic therapies miR-26a Targets Smad 1, impairs osteoblast differentiation [263]
	they also interact with each other in a cooperative manner, allowing the cells to activate or [236, 237]. Other genes influencing osteogenesis, such as osteogenic protein Dlx-5, the [126, 246, 247]. It remains poorly understood how these complexes participate in the miR-2861 Targets HDAC5, induces osteogenic differentiation [264]
	repress gene expression. estrogen resceptor and osterix are also regulated by DNA methylation [238-240]. A recent regulation of Runx2 activity, although it has been shown that Runx2 target gene expression is Modulates Wnt pathway; target [265, miR-27/29c/29a osteonectin 266]
	study reported that osterix can be negatively regulated by the histone demethylase NO66 miR-29b Promotes osteogenic differentiation [267] repressed by HDACs through multiple distinct mechanisms and in response to various miR-30c/34c/133a/135a/137/204/205/217/338 Targets Runx2 and impairs osteoblast differentiation [268]

expression, functional and morphological levels

[185]

. The podoplanin gene appears to be involved in this process and its expression may be regulated by a cooperative crosstalk between DNA methylation and histone modification in OBs

[232]

. Moreover, the change in the cell shape between bone forming osteoblasts and osteocytes is accompanied by different gene expression profile. It has demonstrated that OBs and osteocytes have opposite DNA methylation profiles for the ALP promoter, which is hypomehtylated in OBs and hypermethylated in osteocytes, suggesting that DNA methylation is inhibiting ALP expression in the latter ones

[233]

. The opposite stand for the SOST gene, which is actively expressed in osteocytes, but not in OBs probably through DNA methylation

[185]

. It was

[121, 122]

. They add acetyl groups to lysine residues of histone and non-histone target proteins, which modifies protein function by a variety of mechanisms including altered protein-protein interaction and altered protein stability. Histone deacetylation, catalyzed by histone deacetylases (HDACs) is correlated with chromatin condensation and transcriptional repression. The interaction between Runx2 and HDACs was first suggested by the discovery that histone deacetylase inhibitors reduce the activity of some Runx2 repression domains

[123]

. A candidate gene approach was then used to show that

Table . 5| Inflammatory mediators and genes induced by IL-17. Inflammatory mediators Cell types

 . 

	[408]	References [359] [359]	[356, 357, 382-391] [412, 413]	[412]	[395]	[392] [394, 414]	[392-395]	[392]	[392]	[356, 392, 396]	[356, 357, 397-401]			[399, 402]	[358]	[399]	[403]	[358, 397, 401, 402]		[357]	[357]	[404, 405]	[406]	[407, 408]	[409]	[408, 410]	[198, 411]	[406, 407]	
	ADAMTS4 Chondrocytes	CEBPB Osteoblasts	CEBPD Osteoblasts	IL-6 Chondrocytes, keratinocytes, fibroblasts, synoviocytes, Complements C3 Skin fibroblasts and colonic subepithelial myofibroblasts	macrophages, endothelial cells, colonic myofibroblasts, Factor B Skin fibroblasts	astrocytes TLR 2, 4, and 9 Synoviocytes	TNF-α Macrophages NO Chondrocytes, endothelial cells	IL-1β Macrophages, chondrocytes, astrocytes, synoviocytes PGE2 Macrophages, chondrocytes, synoviocytes	IL-10 Macrophages	IL-12 Macrophages	G-CSF Fibroblasts, synoviocytes	IL-8 Keratinocytes, fibroblasts, synoviocytes, epithelial and	endothelial cells, colonic and pancreatic periacinar	myofibroblasts	GRO-α (CXCL1) Synoviocytes, epithelial cells, chondrocytes	CINC Intestinal epithelial cells	MIP2 (CXCL2) Synoviocytes, epithelial cells	CXCL5 Chondrocytes	MCP1 (CCL2) Chondrocytes, intestinal epithelial cells, colonic and	pancreatic periacinar myofibroblasts	RANTES (CCL5) Endothelial cells	MIP3a (CCL20) Synoviocytes	ICAM1 Fibroblasts, keratinocytes	MMP1 Synoviocytes	MMP3 Colonic subepithelial myofibroblasts, chondrocytes	MMP9 Macrophages, Monocytes	MMP13 Osteoblasts, Chondrocytes	TNFSF11 Synoviocytes, Osteocytes, Osteoblasts	TIMP1 Synoviocytes, Colonic subepithelial myofibroblasts,	chondrocytes
		Transcription		Cytokines Other molecules								Chemokines											Bone	metabolism						

  IL-17 was shown to enhance the osteogenic differentiation of hMSCs[444], to inhibit adipogenesis in hMSCs by promoting lipolysis of differentiated adipoytes[383], but also to enhance adipogenic differentiation in mouse multipotent MSCs[384]. Moreover, Deepak D et al. reported that IL-17A stimulates GM-CSF release by murine OBs and inhibits murine OCs development in vitro[442]. To the contrary, another group reported that IL-17 did not interfere with murine BM-MSCs differentiation toward osteoblasts or adipocytes[443]. However, to evaluate the effects and associated mechanisms of IL-17 on mesenchymal multilineages, they analyzed the influence of IL-17 on the mouse C2C12 cell line. The results showed that IL-17 inhibits myogenic, but induces the osteogenic differentiation of C2C12 cells, and both through ERK1,2 MAPK-dependent mechanisms[385]. The data concerning the effects of IL-17 on MSCs and their multilineage differentiation potential are just beginning to unravel its novel function, and further studies should address this issue in more details. TNF-α, suggesting that TNF-α and RANKL were, at least in part, responsible for the IL-17 induced osteoclastogenesis[390]. Therefore, the mechanisms used by Il-17A to promote bone loss include activation of osteoclastogenesis, which occurs both directly and also indirectly through the expression of RANKL and M-CSF by stromal cells[318, 411].IL-17 has an important role in the regulation of bone homeostasis through the activation of direct or indirect pathways leading to gene transcription of several regulators of bone homeostasis and inflammatory mediators. IL-17A affects the proliferation and differentiation potential of MSCs, where this effect are highly dependent on the microenvironment and/or the orgainism requirements. However, it shows a limited effect on HSCs. IL-17 can induce ostoeclastogenesis on osteoblast dependent manner or not. Furthermore, it is highly expressed in several inflammatory diseases such as RA and AS. Recently, several clinical trials suggest that IL-17 inhibition could be beneficial for the treatment of these inflammatory diseases.

	induction and progression of RA, IL-17 is a key orchestrator of the chronicity of the disease [453] 6.4.2. Role of IL-17 in ankylosing spondylitis Ankylosing spondylitis (AS) is characterized by spinal inflammation, progressive spinal anti-6.4. IL-17 and inflammatory bone diseases bone destruction in ex vivo model of RA [425]. Therefore, by contributing to both 6.5. Conclusion
	IL-17 has been associated with an increasing number of chronic inflammatory diseases, ankylosis due to new ectopic bone formation, peripheral arthritis and enthesitis, extra-articular
	including rheumatoid arthritis (RA) and ankylosis spondylitis (AS). RA causes massive manifestations, familial clustering, and a strong genetic association with human leukocyte
	destruction of juxta-articular and systemic bone while AS leads to concomitant bone antigen B27 (HLA-B27) [454, 455]. AS and related spondyloarthritis are characterized by a
	destruction and ectopic bone formation due to inflammation of tendon/ligament insertions in paradoxical and simultaneous bone destruction and formation occurring in proximal
	the spine. anatomical sites [456]. Recently, IL-17 has been shown to be involved in the development of
	6.4.1. Role of IL-17 in rheumatoid arthritis
	In RA, alteration of the bone homeostasis balance leading to bone loss is due to excessive
	6.3. Effects of IL-17 on HSCs bone resorption by OCs and impairment of bone formation by OBs [391, 447]. Since IL-17
	has been demonstrated to be crucially involved in bone resorption in RA patients (Table.6)
	IL-17A and IL-F have functional roles predominantly in non-hematopoietic cells while
	[411], numerous papers during the last decade confirmed its role in RA pathogenesis. IL-17 is
	effects of these cytokines in hematopoietic cells are limited. Recently, a few studies
	present at high levels in the synovial fluid of RA patients and not of osteoarthritis patients and
	demonstrated that IL-17 directly acts on T or B cells [386, 387]. T-lymphocytes enable OBs
	these elevations in IL-17 levels are positively correlated with the severity of the disease in
	maturation via IL-17 during the early phase of fracture repair [388]. In bone remodeling 7 and
	those patients [448, 449]. In murine models, long-term intra-articular administration of IL-17
	process, the role of IL-17 has first been described by kotake et al. where IL-17 was abundant suggested a closer involvement of BMP-7 in entheseal ossification than in systemic bone
	promotes collagen arthritis with pathological symptoms similar to RA [421]. In IL-17
	in the synovial fluids of RA patients and stimulated osteoclastogenesis in an osteoblast-turnover in patients with AS [462]. A recent study showed that IL-23 production is decreased
	deficient mice the induction of CIA was clearly suppressed and spontaneous arthritis no
	dependent manner [411]. Other studies corroborated the pro-osteoclastogenic role of IL-17 in RA and maintained in AS. Since increased number of Th17 cells are seen in both diseases,
	longer developed in mice deficient in both IL-1 receptor antagonist and IL-17 [450, 451].
	both in vitro and in vivo and showed that IL-17 stimulates bone resorption in fetal mouse long these observations imply that there are different mechanisms underlying chronic inflammation
	Furthermore, antibody-mediated inhibition of IL-17 after the onset of CIA reduced and
	bone [389]. On the other side, a recent study demonstrated that IL-17 can induce in these two forms of arthritis [463]. Thus in AS, even with TNF antagonist, and elevation of
	slowed the progression of the disease [452]. Moreover, we have previously found that
	osteoclastogenesis from human monocyte cells alone in the absence of osteoblasts. other pro-inflammatory cytokines, ectopic bone formation is still observed, meaning that
	addition of inhibitors of IL-17A and TNF-α alone or even better in combination, decreases
	Interestingly, this activation of osteoclastogenesis was potently inhibited by adding OPG and additional factors are governing this effect.

AS since analyses of bone biopsy samples of the sarco-iliac joints from AS patients showed staining for IL-17. Moreover, it was showed that this local IL-17 secretion was from the innate immune system rather than from adaptive T cells

[457, 458]

. Another cytokine, namely IL-23, showed a critical role in the pathogenesis of AS by stimulating the production of IL-17 by PBMCs which may be responsible for the development of AS [459, 460]. Addittionally IL-33 was elevated in the serum of AS patients. This elevation in IL-33 may play a role in AS development via enhancing TNF-α production by PBMCs and via inducing neutrophil migration [461]. Wendling D et al, reported an increase in serum IL-17 and BMP-

When RANK on osteoclasts is recognized by RANKL, it sends signals into the cells through adaptor proteins (Figure.11b). Like other TNF receptor superfamily member proteins, the intracellular domain of RANK directly binds to TRAF6 (TNF receptor associated factor 6) which undergoes trimerization and then activates the NF-B, Akt, and mitogen-activated protein kinases (MAPKs) pathways [302,303,310]. Meanwhile, RANKL induces the expression of c-Fos which, in turn, activates the transcription factor complex, AP1 (activator