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#MORPHO-D-19-00050 REVISED VERSION BONE LESIONS IN SYSTEMIC MASTOCYTOSIS: BONE HISTOMORPHOMETRY AND HISTOPATHOLOGICAL MECHANISMS

Osteoporosis is considered the most frequent skeletal manifestation of systemic mastocytosis (SM).

We performed a retrospective analysis of sixty patients (37 males and 23 females) who underwent a bone biopsy in the assessment of SM or in the assessment of unexplained bone fragility. Thirty-three had simultaneously a bone marrow biopsy with a Jamshidi's needle; this sample was used for immunohistochemical analysis (tryptase, c-KIT. CD20, VCAM-1).

Bone biopsy was realized in 42 cases in the assessment of SM to provide histologic proof of the disease and in 18 cases in the assessment of unexplained bone fragility and surprisingly revealed a SM. An increased bone turnover was observed in patients with SM with elevated eroded surfaces, osteoclast number and bone formation rate. In addition to nodules of mast cells (MC), a high number of MC was directly apposed on the trabeculae, affixed on the osteoblasts or the lining cells. The VCAM-1 adhesion protein recognizing α4β7 and α4β1 integrins may be a candidate to explain this particular adherence. One third of the bone marrow biopsies did not exhibit MC nodules or MC infiltration and led to a false negative diagnosis for SM.

SM can be discovered in the assessment of fracture or osteoporosis. Transiliac bone biopsy allows for the diagnosis of the disease more accurately than bone marrow biopsy; it also provides a histomorphometric analysis of bone remodeling.

RESUME français

L'ostéoporose est considérée comme la manifestation squelettique la plus fréquente de la mastocytose systémique (SM).

Nous avons effectué une analyse rétrospective de soixante patients ( Une biopsie osseuse a été réalisée dans 42 cas lors de l'évaluation de la SM afin de fournir une preuve histologique de la maladie et dans 18 cas lors de l'évaluation d'une fragilité osseuse inexpliquée ; la biopsie a révélé de manière surprenante une SM. Une augmentation du remodelage osseux a été observée chez des patients atteints de SM présentant une élévation des surfaces érodées, du nombre d'ostéoclastes et du taux de formation osseuse. En plus des nodules de mastocytes (MC), un grand nombre de MC était directement apposé sur les travées, apposé sur les ostéoblastes ou les cellules bordantes. La protéine d'adhésion VCAM-1 reconnaissant les intégrines α4β7 et α4β1 pourrait constituer une mécanisme d'adhérence des mastocytes. Un tiers des biopsies ostéomédullaires ne présentaient pas de nodule ni d'infiltration de MC et aurait conduit à un diagnostic de faux négatif de SM.

La SM peut être découverte lors de l'évaluation d'une fracture ou dans le bilan d'une ostéoporose. La biopsie osseuse de l'aile iliaque permet de diagnostiquer la maladie avec plus de précision que la biopsie ostéomédullaire ; elle fournit également une analyse histomorphométrique du remodelage osseux.
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Secondary title

Bone lesions in systemic mastocytosis.

Introduction

Systemic mastocytosis (SM) is a clonal hematologic disease involving mast cells (MC) [START_REF] Vardiman | The 2008 revision of the World Health Organization (WHO) classification of myeloid neoplasms and acute leukemia: rationale and important changes[END_REF][START_REF] Pardanani | Systemic mastocytosis in adults: 2019 update on diagnosis, risk stratification and management[END_REF][START_REF] Gotlib | Systemic Mastocytosis, Version 2.2019, NCCN Clinical Practice Guidelines in Oncology[END_REF]. Clinical features and courses of SM vary greatly and range from completely indolent with normal life expectancy to highly aggressive with short survival times [START_REF] Lim | Systemic mastocytosis in 342 consecutive adults: survival studies and prognostic factors[END_REF][START_REF] Chang | Precision molecular pathology of myeloid neoplasms[END_REF]. The symptoms of SM are secondary to MC mediator release or MC infiltration into affected tissues (histamine, serotonin, heparin, tryptase, chymase, carboxypeptidase and tumor necrosis factor (TNF) [START_REF] Metcalfe | Mast cells and mastocytosis[END_REF][START_REF] Theoharides | Mast cells, mastocytosis, and related disorders[END_REF]. The disease is characterized by abnormal growth and accumulation of MCs in one or more visceral organs such as skeleton or gastro-intestinal tract. Osteoporosis is considered the most frequent skeletal manifestation and the disease can be revealed by vertebral fractures; on the other hand, osteosclerosis or a mixted pattern can also be observed but are less frequent [START_REF] Gotlib | Systemic Mastocytosis, Version 2.2019, NCCN Clinical Practice Guidelines in Oncology[END_REF][START_REF] Delling | Histological characteristics and prevalence of secondary osteoporosis in systemic mastocytosis. A retrospective analysis of 158 cases[END_REF][START_REF] Seitz | Increased osteoblast and osteoclast indices in individuals with systemic mastocytosis[END_REF]. Histologic diagnosis of SM is usually done on a bone marrow biopsy performed with a Jamshidi needle but the diagnosis cannot be ascertained in 25-30% of cases [START_REF] Pardanani | Systemic mastocytosis in adults: 2019 update on diagnosis, risk stratification and management[END_REF][START_REF] Sotlar | Variable presence of KITD816V in clonal haematological non-mast cell lineage diseases associated with systemic mastocytosis (SM-AHNMD)[END_REF]. Transiliac bone biopsy is an interesting tool in the diagnosis of idiopathic osteoporosis and other metabolic bone diseases [START_REF] Compston | Bone Histomorphometry -The Renaissance?[END_REF][START_REF] Recker | Bone histomorphometry: Techniques and interpretation[END_REF]. Histomorphometric analysis on 2D sections allows the evaluation of bone mass and microarchitecture parameters; in addition, it provides an accurate evaluation of bone cell activities (osteoclasts and osteoblasts). Microtomography (microCT), a newly developed tool in the analysis of 3D micro-architectural parameters, does not provide information on the cellular content of the bone marrow but is rapid and can be used as a prediagnosis in bone metastatic malignancies [START_REF] Chappard | Computed microtomography of bone specimens for rapid analysis of bone changes associated with malignancy[END_REF]. Bone marrow can also be studied after cytological staining methods.

The objectives of this study were to describe histomorphometric characteristics in a series of 60 patients affected by SM compared with a control group of 335 patients with idiopathic osteoporosis. The interest of bone biopsy (with histomorphometry) and bone marrow biopsy (with immunohistochemical staining) for the histopathological diagnosis of SM is also discussed.

Immunohistochemistry can also provide useful data concerning the pathophysiological mechanisms of mastocytosis.

Materials and methods

Study design

This retrospective study was conducted in a single university hospital to assess the bone histomorphometric and histologic characteristics of patients with SM in whom the diagnosis of SM was established by means of a transiliac bone biopsy.

Histomorphometric parameters were compared with a control group of idiopathic osteoporosis. Results of 1845 transiliac bone biopsies carried out during a five year period were reviewed to select 1) patients in whom SM has been diagnosed

according the 2016 WHO criteria [START_REF] Arber | The 2016 revision to the World Health Organization classification of myeloid neoplasms and acute leukemia[END_REF], 2) patients with idiopathic osteoporosis without bone treatment (Fig. 1).

Characteristics of the patients

Patients of the control group had no history of previous treatment for osteoporosis, no glucocorticoid treatments, no endocrine disease, and no alcohol or tobacco intoxication.

Patients with SM had two different initial indications for bone biopsy 1) to confirm the diagnosis of clinically suspected SM, 2) in search of a secondary etiology in unexplained osteoporosis (associated with a low bone mineral density) or in patients with unexplained fragility fractures. Current and former clinical manifestations of SM were searched, including cutaneous manifestations, allergic manifestations to hymenoptera venom or drugs, gastro-intestinal manifestations, hepatosplenomegaly or adenopathy. History of non-traumatic fractures and risk factors of osteoporosis (early menopause, tobacco and /or alcohol abuse, hypogonadism, hyperthyroidism, past or current use of corticosteroids, familial history of fracture, BMI < 18 kg/m²) were collected for each patient. Pelvic, antero-posterior, lateral thoracic and lumbar spine X-rays done at the time of the bone biopsy were reviewed. A vertebral fracture was defined as a reduction of at least 20% in the anterior, middle, or posterior vertebral heights according to Genant's definition [START_REF] Genant | Assessment of prevalent and incident vertebral fractures in osteoporosis research[END_REF]. Osteosclerosis was defined as a diffuse or localized increase in bone density observed on X-rays.

Results of Bone mineral density (BMD) done at the time of the bone biopsy were also collected. BMD was measured by dual energy X-ray absorptiometry (DXA).

Lumbar BMD was assessed from L2 to L4 in the postero-anterior view, and fractured vertebrae were excluded from analysis. At the upper femur extremity, measurements of total hip and femoral neck BMD were also performed.

Osteoporosis was defined as a lumbar spine or hipbone T-score of -2.5 or less [START_REF] Kanis | Diagnosis and Clinical Aspects of Osteoporosis[END_REF]. Blood serum was collected at the time of biopsy and tryptase level was measured by a commercial fluoroenzyme immunoassay (UniCAP Phadia, Uppsala, Sweden): concentrations ≥ 20 ng/mL were considered as abnormally high [START_REF] Valent | Mastocytosis (mast cell disease)[END_REF].

Bone biopsies

All transiliac bone biopsies were performed after an informed consent was obtained from every patient. The standardized biopsy procedure was previously described [START_REF] Audran | Is trans-iliac bone biopsy a painful procedure?[END_REF][START_REF] Chappard | Technical aspects: How do we best prepare bone samples for proper histological analysis?[END_REF]. Staining for routine histomorphometry was performed with a Goldner's trichrome. Additional sections were stained for the osteoclast tartrateresistant acid phosphatase (TRAcP), and toluidine blue staining was performed to identify MCs Classical histomorphometric parameters were considered for diagnosis according to the American Society for Bone and Mineral Research recommendations. They include cortical thickness (Ct.Th, in mm), trabecular bone volume (BV/TV, in %) trabecular characteristics including thickness (Tb.Th, in mm), number (Tb.N, in 1/mm) and separation (Tb.Sp, in mm). The connectivity of trabeculae was described by star volume of marrow spaces ( m space V .

*

, in mm 3 ) [START_REF] Chappard | Comparison of eight histomorphometric methods for measuring trabecular bone architecture by image analysis on histological sections[END_REF]. Osteoid surfaces (OS/BS, in %) were determined. Histodynamic parameters available after double tetracycline labeling were:

• mineralizing apposition rates (cortical and cancellous, Ct.MAR, Cn.MAR in µm/d),

• adjusted apposition rate (Aj.Ar, µm/d),

• mineralizing surfaces (MS/BS, in %),

• bone formation rate (BFR/BV, in mm 3 /mm 3 /d).

Special attention was paid to parameters of bone resorption: eroded surfaces (ES/BS, in %) represent the amount of trabecular surfaces occupied by scalloped areas reflecting the osteoclast activity. The number of osteoclasts (N.Oc/B.Ar, in ¢/mm 2 ) was obtained by counting the number of TRAcP positive cells. Control values for the French population were used according to age and gender [START_REF] Meunier | Iliac trabecular bone volume in 236 controlsrepresentativeness of iliac samples[END_REF].

Microcomputed tomography (microCT)

Bone biopsies of patients with SM, still in the fixative, were scanned on a computerized microtomograph (Skyscan 1172, Bruker microCT, Kontich, Belgium) according to previously published protocol applied to human bone biopsies [START_REF] Chappard | Computed microtomography of bone specimens for rapid analysis of bone changes associated with malignancy[END_REF][START_REF] Chappard | Technical aspects: How do we best prepare bone samples for proper histological analysis?[END_REF]. The following parameters were determined with the Ct-An 1.11 software: bone volume fraction (BV/TV3D, in %), trabecular thickness (Tb.Th3D, in mm), number (Tb.N3D, in /mm) and separation (Tb.Sp3D, in mm), Trabecular Bone Pattern factor (Tb.Pf, an index of trabecular connectivity) and structure model index (SMI) that quantifies the plate-versus-rod characteristic of trabecular bone.

Bone marrow biopsies

Bone marrow biopsies were performed with a Jamshidi needle (Sterylab, Milano, Italy) at the immediate vicinity of the bone biopsy. Standard HPS, Giemsa and toluidine blue staining as well as immunohistochemistry using monoclonal antibodies for tryptase, c-KIT (CD117) and CD20 was performed. These antibodies were obtained from Dako (Dako, Glostrup, Denmark) and used in the automated staining system of the hospital laboratory. For the pathophysiological analysis of the mast cells margination and adhesion on osteoblasts and lining cells, the VCAM-1 antibody was purchased from Abcam (AB98954, dilution 1/5000). It was used after antigen retrieval in Tris EDTA buffer (pH 9 at 95°C during 20mn. The second antigen (coupled with peroxidase) was revealed by diaminobenzidine (Sigmafast DAB tablets). Sections were counterstained with Evans blue (1% in the TRIS buffer). A sample of activated human synovial membrane was used as control.

Statistical analysis

Statistical analysis was performed using the Systat ® statistical software release 13 (Systat, San José, CA). Values are expressed as mean ± SEM. We used student t-Test when variables were normally distributed; otherwise, the Wilcoxon test was used. P values less than 0.05 were considered statistically significant.

Results

Characteristics of the patients

Sixty patients had a SM proved on the bone biopsy. The control group of patients with idiopathic osteoporosis who had a bone biopsy comprised 97 females and 238 males.

Bone biopsies

MicroCT results of SM patients

MicroCT parameters are detailed in Table 1, Fig. 4 and Fig. 5A Patients with SM presenting a bone phenotype had higher eroded surfaces and osteoclast number together with a marked disorganization of trabecular microarchitecture as evidence by higher m space V . * values.

Histologic analysis

In all biopsies, nodules with more than 15 cells were detected in the marrow spaces on toluidine-blue stained sections. MCs were characterized by the presence of metachromatic granules; they always appeared atypical with an elongated shape and in some cases, they contained few granules scantily distributed in the cytoplasm (Fig. 5D-G). Another constant characteristic was the direct apposition of a high number of mast cells on the trabeculae, affixed on the osteoblasts or the lining cells. These MCs appeared more intensely stained by toluidine blue; this could reflect an increased content in cytoplasmic granules than those in the nodules. Some MCs were also found apposed onto capillaries in the bone marrow. Patients with osteosclerosis had an important infiltration of MC with fibrosis. There was no difference in histologic findings between patients with osteoporosis or fractures and the others.

Bone marrow biopsy

Thirty-three patients had a bone marrow biopsy at the same time of bone biopsy.

Typical nodules of SM were found in only 21 of them. The bone marrow biopsy evidenced MCs after tryptase immunolabeling in round nodules or scattered in the marrow spaces (Fig. 5H andI). A strong immunohistochemical labeling was also observed for c-KIT in all cases. Immunohistochemistry also confirmed the altered morphology of MCs with an elongated shape and the deposition of these cells along the trabeculae. At higher magnification, MCs appeared directly affixed onto the osteoblasts (Fig. 5G) or the lining cells.

VCAM-1 identification

The immunohistochemical identification of VCAM-1 was positive in several cells of the bone marrow (mostly stromal and endothelial cells and cells of the myeloid lineage) together with mast cells. Mast cells affixed onto the osteoblasts and lining cells were heavily stained with a brownish tint but the granulations were still clearly evidenced (Fig. 7A to C). In the mast cell nodules, some cells were also clearly stained (Fig. 7D).

Discussion

Previous reports have focused on the importance of bone changes in hematological disorders [START_REF] Bataille | Quantifiable excess of bone resorption in monoclonal gammopathy is an early symptom of malignancy: a prospective study of 87 bone biopsies[END_REF][START_REF] Rossi | Micro-osteoclast resorption as a characteristic feature of B-cell malignancies other than multiple myeloma[END_REF][START_REF] Coindre | Histomorphometric analysis of sclerotic bone from idiopathic myeloid metaplasia (nine cases)[END_REF], and on the usefulness of a conjoint histological analysis of the marrow and bone compartments in these diseases. We report a large series of SM patients with bone evaluation using X-Rays, BMD, histomorphometry and bone marrow biopsy. All patients except two had an ISM and most of them had allergic manifestations [START_REF] Potier | Cutaneous manifestations in Hymenoptera and Diptera anaphylaxis: relationship with basal serum tryptase[END_REF]. Bone lesions on X-rays (osteosclerosis or fracture) can reveal the disease and be the sole manifestation of SM as in 18 of our patients. Osteosclerosis is known to be less frequent than osteoporosis, nevertheless both conditions expose to fractures [START_REF] Pardanani | Systemic mastocytosis in adults: 2019 update on diagnosis, risk stratification and management[END_REF][START_REF] Valent | Diagnostic criteria and classification of mastocytosis: a consensus proposal[END_REF]. We found only six patients with osteosclerotic lesions (one having 2 vertebral fractures) and 16 patients with vertebral osteoporotic fractures. A wide range of distribution of histomorphometric parameters was also observed but increased eroded surfaces were an almost constant finding although the number of active osteoclasts was increased in only some patients. The increase in eroded surfaces is superior in SM than in idiopathic osteoporosis and appears as a hallmark of MC proliferations [START_REF] Acosta-Mérida | Multiple vertebral fractures as the first manifestation of systemic mastocytosis[END_REF]. This can be explained either by an increased osteoclastic activity or by a decreased osteoblastic function unable to refill the resorption cavities. SM can lead to altered bone quality identified by both 2D and 3D histomorphometry leading to a bone phenotype [START_REF] Chappard | New laboratory tools in the assessment of bone quality[END_REF]. Osteosclerosis occurred in the center of the cancellous space by a thickening of the pre-existing trabeculae, a finding clearly evidenced by microCT. This mechanism differs from other types of osteosclerosis such as those observed in myeloid metaplasia with myelofibrosis (with increased thickening of bone structure units and areas of metaplasia) [START_REF] Schmidt | Bone changes in myelofibrosis with myeloid metaplasia: a histomorphometric and microcomputed tomographic study[END_REF] and metastasis from prostate adenocarcinoma (with a proliferation of woven bone on pre-existing trabeculae) [START_REF] Chappard | Computed microtomography of bone specimens for rapid analysis of bone changes associated with malignancy[END_REF]. Few histomorphometric studies are available in SM and they often concerned small cohorts [START_REF] Seitz | Increased osteoblast and osteoclast indices in individuals with systemic mastocytosis[END_REF][START_REF] Chines | Systemic mastocytosis and osteoporosis[END_REF][START_REF] Grardel | Study of mastocytes in 1298 bone biopsies. Relationship between mastocytes and osteoporosis[END_REF][START_REF] Andrew | Skeletal mastocytosis[END_REF][START_REF] De Gennes | Bone mastocytosis. A report of nine cases with a bone histomorphometric study[END_REF][START_REF] Fallon | Systemic mastocytosis associated with generalized osteopenia. Histopathological characterization of the skeletal lesion using undecalcified bone from two patients[END_REF][START_REF] Graves | Inhibition of mediator release in systemic mastocytosis is associated with reversal of bone changes[END_REF][START_REF] Johansson | Mellstrom Bone density, bone markers and bone radiological features in mastocytosis[END_REF][START_REF] Lidor | Osteoporosis as the sole presentation of bone marrow mastocytosis[END_REF]; a large study by Delling et al., described histomorphometric parameters in 57 SM patients having a complete bone biopsy [START_REF] Delling | Histological characteristics and prevalence of secondary osteoporosis in systemic mastocytosis. A retrospective analysis of 158 cases[END_REF]. These previous histomorphometric studies have also reported an increased in eroded surfaces in patients with SM, however, osteoclasts were detected by cytological criteria (which considerably underestimate N.Oc/BAr) and not by a precise histochemical method [START_REF] Chappard | Technical aspects: How do we best prepare bone samples for proper histological analysis?[END_REF]. It is noticeable that bone resorption was not in the close vicinity of MC nodules in contrary to what is observed in multiple myeloma or metastatic foci [START_REF] Bataille | Excessive bone resorption in human plasmacytomas: direct induction by tumour cells in vivo[END_REF][START_REF] Chappard | Bone metastasis: Histological changes and pathophysiological mechanisms in osteolytic or osteosclerotic localizations[END_REF]. In SM, MCs are present grouped in nodules and disseminated throughout the bone marrow. As noticed here, MC that adhere to osteoblasts, endothelial or lining cells presented a cytoplasm containing more granules than in the nodules. This could correspond to a different capacity is dysregulating the bone remodeling. In a study on 157 patients, similar findings were reported together with an increase in osteoblastic surfaces in SM with osteosclerosis, however, tetracycline labeling was not performed in this study [START_REF] Seitz | Increased osteoblast and osteoclast indices in individuals with systemic mastocytosis[END_REF]. Bone formation parameters noted in our series of SM appeared increased when compared with the osteoporotic group, however, they remained in the normal range. Other have reported a modest increase of bone formation parameters when compared to normal control values, but the number of patients remained very limited [START_REF] Chines | Systemic mastocytosis and osteoporosis[END_REF][START_REF] De Gennes | Bone mastocytosis. A report of nine cases with a bone histomorphometric study[END_REF].

We report here, for the first time, the 2D and 3D analyses of SM patients that emphasize the 3D bone changes with disorganization of trabecular bone in osteoporotic and osteosclerotic patients. Osteoporosis is the main feature of bone involvement in SM and can be related to an increased bone resorption (and/or a decreased osteoblastic function) as shown by the increased erosion surfaces in almost all patients. This could be caused by the release of mediators by MCs such as heparin [START_REF] Muir | Histomorphometric analysis of the effects of standard heparin on trabecular bone in vivo[END_REF], or histamine and cytokines such as IL-1 and IL-6 [START_REF] Theoharides | Mast cells, mastocytosis, and related disorders[END_REF] which are implicated in bone resorption and osteoclastogenesis. An increase in MC number has been reported previously in primary and secondary hyperparathyroidism [START_REF] Turner | The role of mast cells in parathyroid bone disease[END_REF][START_REF] Ellis | Iliac bone marrow mast cells in relation to the renal osteodystrophy of patients treated by haemodialysis[END_REF]. It should be noted that two of our patients also had primary hyperparathyroidism. PTH may stimulate osteoclasts by releasing histamin from mast cells; furthermore, osteoclasts express c-KIT [START_REF] Erben | The KIT D816V expressed allele burden for diagnosis and disease monitoring of systemic mastocytosis[END_REF] on their surface and respond to its ligand SCF that is expressed by osteoblasts in response to PTH. Thus, PTH could induce osteoblastic SCF functions to accelerate bone turnover [START_REF] Blair | Parathyroid hormoneregulated production of stem cell factor in human osteoblasts and osteoblast-like cells[END_REF][START_REF] Blair | Expression of stem cell factor by osteoblasts in normal and hyperparathyroid bone: relation to ectopic mast cell differentiation[END_REF]. In addition, osteoblasts express the proteaseactivated receptor-2 (PAR-2) in response to MC tryptase [START_REF] Georgy | Proteinase-activated receptor-2 is required for normal osteoblast and osteoclast differentiation during skeletal growth and repair[END_REF][START_REF] Esquerre | Aluminum ingestion promotes colorectal hypersensitivity in rodents[END_REF].

Physiopathology of osteosclerosis lesions is poorly explained. MCs are a source of fibrogenic cytokines, including platelet-derived growth factor (PDGF), transforming growth factor-β (TGF β) and basic fibroblast growth factor (bFGF) [START_REF] Theoharides | Mast cells, mastocytosis, and related disorders[END_REF][START_REF] Boyce | Mast Cells, Basophils, and Mastocytosis[END_REF]. In this series, patients with osteosclerostic lesions had an important MC infiltration with marrow fibrosis as previously described [START_REF] De Gennes | Bone mastocytosis. A report of nine cases with a bone histomorphometric study[END_REF][START_REF] Johansson | Mellstrom Bone density, bone markers and bone radiological features in mastocytosis[END_REF]. SM is defined by the occurrence of MC nodules but there is also a direct apposition of a high number of MC onto the trabeculae where they appear affixed on the osteoblasts or the lining cells. Adhesion of MCs onto osteoblastic cells can be explained by the expression of VCAM-1 at their surface. The major ligand of VCAM-1 is the integrin α4β1 (also termed very late antigen VLA-4) expressed by osteoblasts and with a lower affinity integrin α4β7, also expressed on osteoblasts (Fig. 8) [START_REF] Ulyanova | VCAM-1 expression in adult hematopoietic and nonhematopoietic cells is controlled by tissue-inductive signals and reflects their developmental origin[END_REF][START_REF] Weller | Mast cells in health and disease[END_REF][START_REF] Mazo | Hematopoietic stem and progenitor cell trafficking[END_REF]. VCAM-1 is also expressed in endothelial and stromal cells (osteoblast precursor) in the bone marrow [START_REF] Lubkova | VCAM-1 expression on bone marrow stromal cells from patients with myelodysplastic syndromes[END_REF][START_REF] Feuerbach | Expression of the cell-adhesion molecule VCAM-1 by stromal cells is necessary for osteoclastogenesis[END_REF]. In the present study, spindle-shaped MCs were also found in perivascular localization as reported by others [START_REF] Horny | Increase of bone marrow lymphocytes in systemic mastocytosis: reactive lymphocytosis or malignant lymphoma? Immunohistochemical and molecular findings on routinely processed bone marrow biopsy specimens[END_REF]. Similar findings have been shown in the lung and intestine with MCs adhering to epithelial or endothelial cells via VCAM-1 and α4β1 [START_REF] Gurish | Mast cells: ontogeny, homing, and recruitment of a unique innate effector cell[END_REF][START_REF] Kanemaru | Tie2 signaling enhances mast cell progenitor adhesion to vascular cell adhesion molecule-1 (VCAM-1) through α4β1 integrin[END_REF]. As previously reported by others [START_REF] Sotlar | Variable presence of KITD816V in clonal haematological non-mast cell lineage diseases associated with systemic mastocytosis (SM-AHNMD)[END_REF], one third of bone marrow biopsies did not exhibit MC nodules nor MC infiltration and led to a false negative diagnosis for SM. On the other hand, bone biopsy performed in the close vicinity of the marrow biopsy evidenced MC nodules in every case. Other authors have stressed that a single small Jamshidi bone marrow biopsy is not sufficient enough [START_REF] Butterfield | Bone marrow biopsies for the diagnosis of systemic mastocytosis: is one biopsy sufficient?[END_REF].

Bone biopsy therefore appears as a better tool than bone marrow biopsy because of the largest bone core provided and the finest details available at the remodeling level. For decades, it has been recommended to use trephines with a large internal diameter to preserve correctly bone microarchitecture and to provide enough marrow for a satisfactory cytological analysis [START_REF] Audran | Is trans-iliac bone biopsy a painful procedure?[END_REF][START_REF] Frost | A method of analysis of trabecular bone dynamics[END_REF].

Nevertheless, bone marrow biopsy remains necessary to perform immunohistological studies since plastic embedding used for bone biopsy limits the use of such techniques. However, immunohistochemistry for identification of MCs is not the gold standard in bone marrow pathology but appears rather as a complementary tool. Detection of metachromatic granules by Giemsa, Wright or toluidine blue is reported to be more specific and to provide more information (e.g. presence of poorly granulated cells) [START_REF] Brown | Bone marrow diagnosis: an illustrated guide[END_REF]. In this study, we found that MC that adhere to osteoblasts or lining cells had always a cytoplasm containing more granules than in the MCs of the nodules. This study has several limitations, related in large part to the retrospective design. Serum or urinary bone turnover markers have not been measured, there were too many missing data concerning serum tryptase level to perform a reliable analysis of this parameter. We did not report the presence of the c-KIT mutation including D816V mutation and the link between this mutation and the histological and histomorphometric results. 

Legends of figures and tables

Fig. 1 Flowchart of the study. 

  37 hommes et 23 femmes) ayant eu une biopsie osseuse lors de l'évaluation d'une SM ou d'une fragilité osseuse inexpliquée. Trente-trois patients ont eu simultanément une biopsie ostéomédullaire au trocart de Jamishidi et une analyse immunohistochimique (tryptase, c-KIT. CD20, VCAM-1).

Fig. 2

 2 Fig. 2Lumbar spine X-Rays in patients with vertebral fracture (A), with a vertebral osteosclerotic lesion (B), pelvic X-Rays with osteosclerosis (C).

Fig. 3

 3 Fig. 3 Densitometric score distribution of DXA measurements in patients with systemic mastocytosis. T-score was obtained in 44 patients for lumbar spine, 48 for total hip and 31 for femoral neck. • patients with a bone phenotype, ○ patients without a bone phenotype. Patients with osteosclerosis (N = 6) are identified by a triangle (▲). (Green areas stand for the normal range of values 0 ± 2.5). PS: diagnosis of SM suspected before bone biopsy, PU: diagnosis of SM unknown before bone biopsy.

Fig. 4

 4 Fig. 4 Main 3D parameters distribution. BV/TV: bone trabecular volume, Tb.Pf: trabecular bone pattern factor, SMI: structure model index. • patients with a bone phenotype, ○ patients without a bone phenotype. Patients with osteosclerosis are identified by a triangle (▲). PS: diagnosis of SM suspected before bone biopsy, PU: diagnosis of SM unknown before bone biopsy.

Fig. 5 Fig. 6 .

 56 Fig. 5Histological findings in SM.1 st row: Microcomputed tomography analysis of the transiliac bone biopsies.A) a patient with osteoporosis; note the reduction in the amount of

Fig. 7 .

 7 Fig. 7. VCAM-1 immunohistochemical identification in SM. A) A mast cell directly affixed onto lining cells (arrow); the cytoplasmic granulations are also clearly evidenced. Other cells in the bone marrow (probably myeloid cells) are also detected. B) Two mast cells affixed on the lining cells in another patient. C) Two mast cells affixed on the lining cells in another patient. The cytoplasmic granulations are also clearly evidenced. Other cells in the bone marrow (probably myeloid cells) are also detected. DIC (Nomarsky interference contrast). D) Nodule of mast cells in a patient with SM showing positive VCAM-1 cells in the nodule. E) Positive control showing that the endothelia of this activated synovial membranes are well identified.

  

  

  

  

  

  In 42 cases, bone biopsy was realized in the assessment of SM to provide histologic proof of the disease;

	In the whole series of 60 patients, 17 patients (28.3%) were considered as
	osteoporotic (according to the WHO definition of osteoporosis with a T-score < -
	2.5 in at least one site by DXA exam), 20 patients (33.3%) had at least one non-
	traumatic fracture: 16 patients had one or more non-traumatic vertebral fractures
	(up to 8 fractures) and 4 patients had a peripheral osteoporotic fracture (2
	patients with ankle fracture, one with wrist fracture, and one with hip fracture)
	(Fig.2). Six patients had a vertebral osteosclerosis on X-rays. Altogether, 28

diagnosis of SM was highly suspected because of cutaneous (N=12) or allergic manifestations (N=28). Two patients had a SM with an associated clonal hematologic non-mast cell lineage disease (3.3%); others had an indolent systemic mastocytosis (ISM) in 26.6% of cases. In 18 cases (30%), the diagnosis of SM was unknown before performing bone biopsy and they had no cutaneous or allergic manifestations. These patients were referred to the rheumatology unit for unexplained osteoporosis or unexplained fragility fractures. Bone biopsies were done in search for secondary osteoporosis and, surprisingly, revealed MC nodules typical of SM. patients (46.6%) had a bone phenotype with osteoporosis (identified by DXA) or a non-traumatic fracture or osteosclerosis. Fig.

3

represents the T-score distribution for lumbar spine, total hip and femoral neck in patients with SM.

  One biopsy of patient with SM was broken; it contained large nodules of MCs attesting to the diagnosis of SM but did not permit quantitative analysis.Histomorphometric parameters are detailed in Table1and are compared with those of patients with idiopathic osteoporosis; main parameter distributions appear on Fig.6showing a wide range of distribution.High values for BV/TV (expressed in Z-zcore) and bone formation parameters were observed in patients with osteosclerosis. The most striking finding was that 88 % of the patients had an increase in eroded surfaces but no relationship could be found with any microarchitectural descriptor. An increased bone turnover with high values for eroded surfaces, osteoclasts number, bone formation and histodynamic parameters was observed in patients with SM when compared to normal values from this laboratory and with patients with idiopathic osteoporosis.If one except ES/BS whose values did not change upon aging (N= 3.6 ± 1.1%), all other values are gender-and age-different and are not mentioned on table 1.

	Histomorphometric parameters

to 5 C. Data were available for 50 patients. Bone volume was highly correlated between the 2D and 3D methods although microCT tended to slightly overestimate BV/TV, as previously reported

[START_REF] Chappard | Comparison insight bone measurements by histomorphometry and microCT[END_REF]

. The 3D models evidenced the different types of findings ranging from osteoporosis with increased erosion areas, normal microarchitecture or osteosclerosis with marked disorganization in the center of the trabecular network. BV/TV was not significantly different between patients with and without bone phenotype but patients with those with a bone phenotype had a marked disorganization of trabecular microarchitecture with significant higher SMI (1.315 vs 0.953; p=0.002) and Tb.Pf (4.805 vs 2.584; p=0.004) compared with patients without bone phenotype.

  Finallymore in vitro studies are needed to confirm if VCAM-1 -VLA-4 is the only mechanism of MCs adhesion onto cells of the osteoblast lineage.

	In conclusion, SM is a myeloproliferative disorder with various clinical,
	radiographic, densitometric and histomorphometric presentations. SM can be
	revealed by an anaphylactoid shock or cutaneous eruption but it is not rare to
	diagnose SM in the assessment of fractures or osteoporosis even without
	cutaneous or visceral manifestation. Transiliac bone biopsy allows the diagnosis
	of the disease and the histomorphometric parameters analyze more accurately
	the bone remodeling than a bone marrow biopsy performed with a Jamshidi's
	needle. Except patients with osteosclerotic lesions who have an important MC

infiltration of marrow spaces, other patients have various histologic presentations without marked differences between patients with osteoporosis or without osteoporosis. The presence of VCAM-1 at the surface of MCs is one mechanism that may explain why they preferentially adhere onto lining cells or osteoblasts at the surface of bone trabeculae. This condition can induce metabolic changes in bone cells as MCs can release a high number of soluble factors

[START_REF] Boyce | Mast Cells, Basophils, and Mastocytosis[END_REF]

.

Table 1 :

 1 Histomorphometric parameters in patients with SM and idiopathic osteoporosis. Results are expressed as mean ± SEM. W=women, M=men
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