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La pseudo-polyarthrite rhizomélique est un rhumatisme inflammatoire du sujet de plus de 50 ans, parfois associé à une vascularite (l'artérite à cellules géantes). Elle est caractérisée par une forte inflammation et une réponse rapide aux corticoïdes.

La physiopathologie de la maladie est mal connue. Une prédisposition chez les patients porteurs de certains allèles génétiques, un taux élevé d'interleukine-6 (IL-6) dans le sang, une diminution des lymphocytes B et une activation des lymphocytes T font partie des quelques éléments identifiés. L'inflammation est aussi responsable d'une altération du remodelage osseux qui peut entrainer des fractures responsables d'une mortalité et d'une morbidité importantes. Dans cette thèse nous rapportons des éléments de physiopathologie (augmentation de l'IL-6, diminution des lymphocytes B, conséquences de l'inflammation, absence de signature autoanticorps) et leurs connexions. Nous avons également cherché à déterminer les anomalies présentes chez les patients avec un maladie résistante aux corticoïdes, des facteurs pronostiques de réponse au tocilizumab (un anticorps anti-récepteur de l'IL-6) et son effet sur ces anomalies. Enfin nous avons analysé le remodelage osseux et son évolution sous traitement et mis en place une modélisation pharmacocinétique et pharmacodynamique du tocilizumab.

Ce travail de thèse ouvre de nouvelles perspectives de recherche, entre autres sur l'immunologie au sein du tissu péri-articulaire.
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Table I.I: Allele and polymorphisms studied in polymyalgia rheumatica Rheumatology and immunology evolved significantly in the last decades. The better understanding of the immune system enabled the development of targeted therapies. In the field of rheumatology, targeted therapies were first developed in rheumatoid arthritis (RA) with the anti-tumor necrosis factor (TNF) alpha antibodies and fusion receptor (1,2). Biological and synthetic targeted therapies were then developed in many other rheumatic diseases (spondyloarthritis, psoriatic arthritis, juvenile idiopathic arthritis, systemic lupus erythematosus, gout, giant cell arteritis, etc). Moreover, many other molecules were then targeted, e.g. interleukin (IL) 6 (3), IL-1 (4), cluster of differentiation (CD)20 + B cells (5), Janus kinases (JAK) (6), etc. Nevertheless, some rheumatic diseases still lack targeted therapies. This lack can be explained by the smaller amount of understanding of the pathogenesis of the disease.

Polymyalgia rheumatica (PMR) is such a disease and no targeted therapy has been approved yet. The better understanding of the PMR pathogenesis, e.g. the role of IL-6, suggest new leads for clinical research. The gold standard remains the glucocorticoids (GC) for a long time-period with an excellent efficacy and a low cost but, unfortunately, the extended use of GC is responsible for many complications, such as osteoporosis favoring hip and vertebral fractures (7). GC are the main factor of morbidity in PMR. Tocilizumab, a humanized antibody targeting the IL-6, has shown promising results in open-labeled studies and is currently evaluated in randomized controlled trials in PMR (8).

In this introduction, we will develop 1) the current understanding of PMR pathophysiology, 2) a summary of the story of tocilizumab and data about its pharmacology in rheumatic diseases, 3) the fundamentals elements of bone turnover necessary to understand the current data about bone turnover in rheumatic diseases and the impact of GC and tocilizumab on bone turn-over.

Finally, based on these considerations, we will present 4) the project of this science thesis.

The pathophysiology of Polymyalgia Rheumatica

This part of the introduction is the main text of a review, without the specific discussion, accepted for publication in Autoimmunity reviews. Publication is presented in Annex I.

Introduction: Polymyalgia rheumatica

Polymyalgia rheumatica (PMR) was first reported by [START_REF] Forestier | Rhizomelic pseudopolyarthritis[END_REF], in the Italian journal "Reumatismo" as "rhizomelic pseudopolyarthritis" (9). Stuart Barber, in 1957, used for the first time the term "polymyalgia rheumatica" in Annals of the rheumatic diseases (10). In the sixties, connections were established between polymyalgia rheumatica and giant cell arteritis (GCA) thanks to temporal artery biopsies and arteriography (11,12). Polymyalgia rheumatica is observed in 40 to 60 % of patients with GCA and GCA affects 16 to 21 % of patients with PMR (13,14). But isolated PMR remains difficult to classify. Should we refer to PMR as a vasculitis, an autoimmune disease or an inflammatory disease? (15) PMR occurs in patients over 50 years of age with a peak of incidence around 75 years of age, suggesting a role for ageing in its pathophysiology. PMR is characterized by inflammatory pain of the shoulder and pelvic girdles that may wake patients during the night and is responsible for an important morning stiffness lasting often more than one hour. A strong increase of acute phase reactants is common in PMR patients. C-reactive protein and erythrocyte sedimentation rate are critical pieces for diagnosis. Because of such inflammation and considering the absence of specific auto-antibodies some authors suggested to classify PMR as an auto-inflammatory disease (15).

But PMR can also be a syndrome of an elderly onset RA a typical autoimmune disease and differential diagnosis may be tough. For now, no biology or imaging test is pathognomonic for the PMR diagnosis and the diagnostic workup endeavor to rule out differential diagnosis.

Corticosteroids remain the basis of PMR treatment and several studies evaluated methotrexate as a steroid sparing agent (16)(17)(18). More recently, tocilizumab has been demonstrated to decrease the cumulative dose of corticosteroids needed in order to achieve low disease activity in early PMR patients and looks like working even without corticosteroids (8,19,20). Phase 3 studies are ongoing to evaluate anti-interleukin-6 therapies as a steroid sparing agent in steroiddependent PMR. The lack of targeted therapy underlines the poor understanding of the disease pathophysiology and without a doubt, a deepest understanding of the inflammatory and immune mechanisms underlying disease activity will enable great advances in PMR treatment. The objective of this review is to summarize the current knowledge about PMR pathophysiology in order to draw new ways for further investigations.

What does the immunogenetic tell us about PMR?

First descriptions of the association between alleles or polymorphism and PMR are from the 90s and the first family of genes studied was, as in several autoimmune diseases, the Human Leukocyte Antigen (HLA) family. Firstly, HLA-DR and especially DR4Dw13 was reported to be associated to PMR in patients (21). The association of HLA-DRB1 with PMR and GCA was then described (22)(23)(24)(25). This association concerns more specifically the second hypervariable region of the HLA-DRB1 whereas it is the polymorphism in the third hypervariable region of the HLA-DRB1 that is associated with RA. Several other studies confirmed the association between HLA-DRB1 and PMR/GCA (26) restraining this association to the HLA-DRB1*0401 and HLA-DRB1*0404 alleles (27) or distinguished between HLA-DRB1*01 for PMR and RA patients versus HLA-DRB1*04 for RA patients only (28). The association between HLA alleles and PMR might fluctuate depending on the population studied (29) and it probably explains some inconsistencies observed in the different studies. Indeed, different studies were conducted in several part of the world and because of different genetic background the associations found might be different. Some authors tried to link this genetic association with immunological findings such as CD8 + depletion in early PMR (30). A difference between patients with isolated PMR and GCA was also suggested based on a HLA class II difference, but this result has not been confirmed in independent cohorts yet [START_REF] Dababneh | Giant cell arteritis and polymyalgia rheumatica can be differentiated by distinct patterns of HLA class II association[END_REF]. Moreover, in PMR patients, subtypes of HLA-DRB1 have been described as predisposing for vascular complication [START_REF] Martínez-Taboda | HLA-DRB1 allele distribution in polymyalgia rheumatica and giant cell arteritis: influence on clinical subgroups and prognosis[END_REF] and a polymorphism of NOS3 has also been described associated to vascular dysfunction [START_REF] Löffers | T-786C single nucleotide polymorphism of the endothelial nitric oxide synthase gene as a risk factor for endothelial dysfunction in polymyalgia rheumatica[END_REF] even in PMR patients without vascular manifestations. These elements might suggest a continuum between PMR and vasculitis. But for now, more elements are needed to transpose these results into clinical practice.

Other polymorphisms have been described associated to PMR. ICAM is an adhesion protein and has been described as strongly expressed in the synovial tissue of patients with PMR. The G/R 241 polymorphism has been reported to be associated with PMR in an Italian population [START_REF] Salvarani | Intercellular adhesion molecule 1 gene polymorphisms in polymyalgia rheumatica/giant cell arteritis: association with disease risk and severity[END_REF] and in later studies [START_REF] Amoli | Intercellular adhesion molecule-1 gene polymorphisms in isolated polymyalgia rheumatica[END_REF]. Polymorphisms have also been reported for RANTES [START_REF] Makki | RANTES gene polymorphism in polymyalgia rheumatica, giant cell arteritis and rheumatoid arthritis[END_REF], TNFa2 [START_REF] Mattey | Association of giant cell arteritis and polymyalgia rheumatica with different tumor necrosis factor microsatellite polymorphisms[END_REF][START_REF] Boiardi | Interleukin-1 cluster and tumor necrosis factor-alpha gene polymorphisms in polymyalgia rheumatica[END_REF], TNFb3 [START_REF] Mattey | Association of giant cell arteritis and polymyalgia rheumatica with different tumor necrosis factor microsatellite polymorphisms[END_REF] and IL-1RN*2 [START_REF] Boiardi | Interleukin-1 cluster and tumor necrosis factor-alpha gene polymorphisms in polymyalgia rheumatica[END_REF][START_REF] Alvarez-Rodriguez | Interleukin-1RN gene polymorphisms in elderly patients with rheumatic inflammatory chronic conditions: Association of IL-1RN*2/2 genotype with polymyalgia rheumatica[END_REF]. The CCR5 delta 32 allele was not found associated with PMR, PMR severity or PMR susceptibility [START_REF] Salvarani | Absence of the association with CC chemokine receptor 5 polymorphism in polymyalgia rheumatica[END_REF]. In patients with GCA and not carrying the HLA-DRB1*04 allele, a polymorphism in the promoter region of the interleukin (IL)-6 gene (at position -174) was found associated to the existence of PMR symptoms is some cohorts but not in others [START_REF] Gonzalez-Gay | IL-6 promoter polymorphism at position -174 modulates the phenotypic expression of polymyalgia rheumatica in biopsy-proven giant cell arteritis[END_REF][START_REF] Boiardi | Relationship between interleukin 6 promoter polymorphism at position -174, IL-6 serum levels, and the risk of relapse/recurrence in polymyalgia rheumatica[END_REF], underlining the partially understood role of IL-6 in PMR pathophysiology.

Finally, several polymorphisms have been studied in GCA and have been reported as associated to disease manifestations of severity but were not found associated with PMR -IFNγ for instance [START_REF] Gonzalez-Gay | Interferon-gamma gene microsatellite polymorphisms in patients with biopsy-proven giant cell arteritis and isolated polymyalgia rheumatica[END_REF]. Alleles and polymorphisms studied in PMR and associated or not with PMR are reported in Table I.I and their geographic distribution is presented in figure 1.1. Finally, the cumulative effect of the alleles and polymorphism has never been studied so far. 

Table I.I: Allele and polymorphisms studied in polymyalgia rheumatica

Early explorations of the immune system

In the seventies, at the early time of cytometry few immune cells were characterized and analyzable. The first population described in PMR patients were immunoblasts. At that time, immunoblasts were described as increased in patients compared to controls, as in RA patients, and the increase of immunoblasts was associated with an increased erythrocyte sedimentation rate and a higher diseases activity [START_REF] Eghtedari | Circulating immunoblasts in polymyalgia rheumatica[END_REF]. Immunological mechanisms were also suspected to be responsible of polymyalgia rheumatica and GCA when a Mayo Clinic team described the increase of immune complex in serum of patients with active diseases and the increasing level in patients in remission before relapse [START_REF] Papaioannou | Circulating immune complexes in giant cell arteritis and polymyalgia rheumatica[END_REF][START_REF] Park | Circulating immune complexes in polymyalgia rheumatica and giant cell arteritis[END_REF].

In the eighties, lymphocytes subsets were analyzed in PMR, T cells (OKT3 + ) and CD8 + (OKT8 + ) T cells were reported as lower than in control, whereas CD4 + (OKT4 + ) T cells were not altered [START_REF] Benlahrache | Decrease of the OKT8 positive T cell subset in polymyalgia rheumatica. Lack of correlation with disease activity[END_REF][START_REF] Chelazzi | Abnormalities of peripheral blood T lymphocyte subsets in polymyalgia rheumatica[END_REF][START_REF] Elling | Decreased level of suppressor/cytotoxic T cells (OKT8+) in polymyalgia rheumatica and temporal arteritis: relation to disease activity[END_REF][START_REF] Elling | CD8+ lymphocyte subset in polymyalgia rheumatica and arteritis temporalis. Inverse relationship between the acute hepatic phase reactants and the CD8+ T-cell subset[END_REF]. This decrease in CD8 + T cell was then described associated to an increased activation of these cells and under treatment these changes were restored, but only after 24 months of corticosteroids therapy [START_REF] Dasgupta | Selective depletion and activation of CD8+ lymphocytes from peripheral blood of patients with polymyalgia rheumatica and giant cell arteritis[END_REF]. The decrease in CD8 + T cells was also reported in later studies associated to a decrease in CD3 + CD16 + or CD56 + cells [START_REF] Macchioni | Lymphocyte subpopulations analysis in peripheral blood in polymyalgia rheumatica/giant cell arteritis[END_REF]. After 6 months of corticosteroids treatment, the percentage and absolute number of CD8 + T cell increased but the percentage and absolute number of CD3 + CD16/56 + remained the same. The authors suggested that despite clinical control of the disease, immunological abnormalities were not totally corrected by corticosteroid treatment. Some authors even suggested the usefulness of CD8 + count for the diagnosis of PMR [START_REF] Arnold | The sensitivity and specificity of reduced CD8 lymphocyte levels in the diagnosis of polymyalgia rheumatica/giant cell arteritis[END_REF][START_REF] Elling | The Cambridge dilemma[END_REF][START_REF] Corrigall | The value of percentage of CD8+ T lymphocyte levels in distinguishing polymyalgia rheumatica from early rheumatoid arthritis[END_REF][START_REF] Elling | A reduced CD8+ lymphocyte subset distinguishes patients with polymyalgia rheumatica and temporal arteritis from patients with other diseases[END_REF]. The persistence of a decrease of CD8 + T cell despite corticosteroids was also suggested to be correlated to a more severe and a need for longer corticosteroid treatment [START_REF] Salvarani | Role of peripheral CD8 lymphocytes and soluble IL-2 receptor in predicting the duration of corticosteroid treatment in polymyalgia rheumatica and giant cell arteritis[END_REF]. But this decrease in CD8 + T cell in patients with early PMR and no treatment was contested and several studies did not observe such decrease [START_REF] Pountain | Circulating T cell subtypes in polymyalgia rheumatica and giant cell arteritis: variation in the percentage of CD8+ cells with prednisolone treatment[END_REF][START_REF] Uddhammar | Peripheral blood lymphocyte subsets in polymyalgia rheumatica[END_REF][START_REF] Boiardi | CD8 lymphocyte subsets in active polymyalgia rheumatica: comparison with elderly-onset and adult rheumatoid arthritis and influence of prednisone therapy[END_REF][START_REF] Martinez-Taboada | Circulating CD8+ T cells in polymyalgia rheumatica and giant cell arteritis: a review[END_REF]. Impact of the methodology used was questioned to explain such variations in the observations. Moreover, soluble CD8 was also described as increased in PMR patients [START_REF] Salvarani | Serum soluble CD4 and CD8 levels in polymyalgia rheumatica[END_REF]. To reinforce the possible implication of CD8 + T cell in PMR pathophysiology, it has been suggested that agerelated modification in the CD8 + population of T cell might influence the development of PMR [START_REF] Martinez-Taboada | Clonally expanded CD8 T cells in patients with polymyalgia rheumatica and giant cell arteritis[END_REF]. T cell receptor repertoire was characterized in PMR patients and most changes seemed related to the age of patients, for healthy controls with paired age presented the same modification [START_REF] Lopez-Hoyos | Selective T cell receptor decrease in peripheral blood T lymphocytes of patients with polymyalgia rheumatica and giant cell arteritis[END_REF]. Only few beta-chain variable families were decreased in PMR patients. In comparison to adult onset RA, similar alteration in T cell subpopulations were found in PMR and elderly onset RA [START_REF] Coaccioli | Definition of adult-onset rheumatoid arthritis from elderly-onset rheumatoid arthritis by studying Tlymphocyte subpopulations, their soluble receptors and soluble receptor of interleukin-2[END_REF]. After many controversies the use of CD8 + T cells for diagnosis or prognosis is no longer a matter of interest. But the fast development of flow cytometry now enables for precise characterization of lymphocytes subsets.

Recent data about immune system's cells

In the past ten years, with the improvement of flow cytometry techniques, several studies also evaluated the distribution and the characterization of lymphocyte subset in PMR (table I.II). In the end of 2008, and in line with the previous studies about CD8 + T cells, Shimojima et al.

suggested that CD8 + CD25 + activated T cells were decreased in PMR patients compared to early RA and, at the opposite, CD4 + IFNγ + IL-4 -, CD8 + IFNγ + IL-4 -and CD4 + TNFα + were increased in PMR [START_REF] Shimojima | Analysis of peripheral blood lymphocytes using flow cytometry in polymyalgia rheumatica, RS3PE and early rheumatoid arthritis[END_REF]. Memory/effector CD3 + CD4 + CD28 -T cells have been reported increased in the peripheral blood of PMR patients compared to healthy controls [START_REF] Dejaco | Altered T-cell subtypes in spondyloarthritis, rheumatoid arthritis and polymyalgia rheumatica[END_REF]. Naïve CD8 + T cells were decreased in PMR patients and effector/memory CD8 + T cells increased, compared to healthy controls. Together, these studies suggest that effector/memory T cells are increased in patients' peripheral blood but activated T cells might be studied more in details to conclude to an increase or a decrease. This can light up the results of past studies with inconsistent results.

In 2012, for the first time, a decrease in the CD4 + CD25 high Foxp3 + regulatory T cell subset was described in patients with PMR and GCA, associated to an increase in pro-inflammatory T cell subsets such as Th1 and Th17, suggesting a potential role in the pathophysiology of PMR and GCA [START_REF] Samson | Th1 and Th17 lymphocytes expressing CD161 are implicated in giant cell arteritis and polymyalgia rheumatica pathogenesis[END_REF] and, once again, guiding toward analysis of the inflammatory potential of T cells more than conventional phenotyping. Considering the potential implication of Th17 T cells, ustekinumab has been tested in GCA patients in a prospective open-label trial and enabled a decrease of GC, but ustekinumab has not been tested in PMR patients yet [START_REF] Samson | Ustekinumab inhibits Th1 and Th17 polarisation in a patient with giant cell arteritis[END_REF][START_REF] Conway | Ustekinumab for refractory giant cell arteritis: A prospective 52-week trial[END_REF]. In 2013, senescent T cells were reported increased in PMR and GCA patients, with an increase in NKG2Da marker of immunosenescenceexpressing T cells [START_REF] Dejaco | NKG2D stimulated T-cell autoreactivity in giant cell arteritis and polymyalgia rheumatica[END_REF]. As ligands to NKG2D are expressed in temporal arteries, this may activate T cells in temporal arteries and participate to inflammation in GCA. On the other hand, the role of these cells in PMR is still unknown but the link between ageing and immunological modifications is of great interest.

After the description of T-cell subsets, B cells were analyzed by a Dutch team [START_REF] Van Der Geest | Disturbed B cell homeostasis in newly diagnosed giant cell arteritis and polymyalgia rheumatica[END_REF]. The distribution was altered in PMR and GCA patients and was restored after corticosteroid therapy.

B cell were decreased but only some B cell subsets were impacted. Mature naïve, IgM only memory, switched memory, double negative and plasmablasts were decreased in PMR patients whereas transitional and unswitched memory were not. A link between the perturbation of B cell homeostasis and the increased IL-6 production was also suggested. These results were then sustained by the strong association between the increase of BAFF and the increase of IL-6both in the serum of patientswith disease activity [START_REF] Van Der Geest | Serum markers associated with disease activity in giant cell arteritis and polymyalgia rheumatica[END_REF]. Perturbation of B cell subset homeostasis has been confirmed by our team, with no modification of CD4 + or CD8 + T cells [START_REF] Alegria | Correction of abnormal B-cell subset distribution by interleukin-6 receptor blockade in polymyalgia rheumatica[END_REF]. The absence of modification of T cells is fully explained by the limited markers used for T cell characterization. The previously described decrease of CD8 + T cells was not found but this might be explained by the small sample of patients of the fluctuation in this observation across studies, as discussed before.

A question that remains unresolved despite these different studies is the link between inflammation and lymphocyte subset distribution. One can easily imagine that inflammation has an impact on lymphocyte subsets and modifies their distribution. Then, the modification observed after treatment might be related to a lowering of inflammation or to a more direct action of the treatment restoring lymphocyte subset distribution and leading to disease improvement. Main results of the studies described above are summarized in table 2. 

↓CD19 + CD38 low CD24 low ↓CD19 + CD38 + CD24 + IgM + ↓CD19 + CD38 + CD24 + IgM - ↓CD19 + CD27 -IgD - ↓CD19 + CD27 + CD38 high CD24 -

Autoantibodies, the "chicken and egg" question

Several autoantibodies have been described associated with polymyalgia rheumatica, but none of them was recognize as a diagnostic tool [START_REF] Sattar | Polymyalgia rheumatica and antimitochondrial antibodies[END_REF][START_REF] Berthelot | Antineutrophil cytoplasm antibodies in patients with giant cell arteritis and/or polymyalgia rheumatica[END_REF][START_REF] Salvarani | Anticardiolipin antibodies in northern Italian population with PMR/GCA[END_REF][START_REF] Tonquèze | The relationship of anti-endothelial cell antibodies to anti-phospholipid antibodies in patients with giant cell arteritis and/or polymyalgia rheumatica[END_REF][START_REF] Mclean | Anticardiolipin antibodies in the polymyalgia rheumaticatemporal arteritis syndromes[END_REF][START_REF] Chakravarty | A longitudinal study of anticardiolipin antibody in polymyalgia rheumatica and giant cell arteritis[END_REF][START_REF] Meyer | Antibodies to cardiolipin and beta 2 glycoprotein I in patients with polymyalgia rheumatica and giant cell arteritis[END_REF][START_REF] Schmits | Analysis of the B cell repertoire against autoantigens in patients with giant cell arteritis and polymyalgia rheumatica[END_REF][START_REF] Baerlecken | Association of ferritin autoantibodies with giant cell arteritis/polymyalgia rheumatica[END_REF]. Anti-neutrophil cytoplasmic antibodies have been described in patients with PMR and GCA but only on indirect immunofluorescence staining, without specificity for MPO or PR-3 antigen (87). In the hypothesis of a viral triggered disease, antibodies directed against respiratory virus (such as adenovirus and respiratory syncytial virus) have been reported [START_REF] Cimmino | Increased prevalence of antibodies to adenovirus and respiratory syncytial virus in polymyalgia rheumatica[END_REF]. Moreover, the question of the cause or the consequence of inflammation was already asked. For example, the presence of autoantibodies directed against intermediate filaments was found to evolve with treatment of PMR to reach prevalence close to healthy controls in patients in remission with corticosteroids treatment [START_REF] Monteagudo | Antibodies to intermediate filaments in polymyalgia rheumatica/giant cell arteritis: do they reflect the underlying disease activity rather than the acute phase response?[END_REF].

This suggest that some immunological manifestations might be secondary to the high level of inflammation in PMR and might resolve with proper treatment of inflammation. Anticardiolipin antibodies were also particularly studied in PMR and GCA with several studies suggesting a role in disease pathophysiology [START_REF] Mclean | Anticardiolipin antibodies in the polymyalgia rheumaticatemporal arteritis syndromes[END_REF][START_REF] Chakravarty | A longitudinal study of anticardiolipin antibody in polymyalgia rheumatica and giant cell arteritis[END_REF][START_REF] Meyer | Antibodies to cardiolipin and beta 2 glycoprotein I in patients with polymyalgia rheumatica and giant cell arteritis[END_REF]. Nevertheless, more recent data rather suggest that anti-cardiolipin antibodies might be the consequence of vascular lesions than a primum movens mechanism involved in PMR and GCA pathophysiology [START_REF] Duhaut | Anticardiolipin antibodies and giant cell arteritis: a prospective, multicenter case-control study. Groupe de Recherche sur l'Artérite à Cellules Géantes[END_REF]. To date, no autoantibody has been recognized as directly invovled in PMR pathophysiology or has been suggested useful for PMR diagnosis.

Cytokines, the messengers of inflammation

In 1993, at the Mayo Clinic, Cornelia Weyand et al. reported an increase in IL-6 level in the serum of patients with PMR and GCA but no increase in TNFα level [START_REF] Roche | Correlation of interleukin-6 production and disease activity in polymyalgia rheumatica and giant cell arteritis[END_REF]. A decrease after corticosteroids was reported but the mechanism underpinning IL-6 production was supposed to be still active, because the interruption of the treatment resulted in an early increase in IL-6 serum level and in the worsening of disease's symptoms. The duration of corticosteroid treatment can be discussed. In this study the corticosteroids were quickly stopped and a longer duration of the treatment may have prevented such relapse. For the authors, the production of IL-6 was mainly due to a population of CD14 + cells among peripheral blood mononuclear cells, otherwise monocytes. Other cytokines were studied in the serum of patients with PMR but, apart IL-6, no other cytokine was found increasedsuch as sIL-2R [START_REF] Gripenberg | Clinical value of measuring soluble interleukin-2 receptor in polymyalgia rheumatica[END_REF][START_REF] Pountain | Circulating levels of IL-1beta, IL-6 and soluble IL-2 receptor in polymyalgia rheumatica and giant cell arteritis and rheumatoid arthritis[END_REF], IL-1β [START_REF] Pountain | Circulating levels of IL-1beta, IL-6 and soluble IL-2 receptor in polymyalgia rheumatica and giant cell arteritis and rheumatoid arthritis[END_REF][START_REF] Uddhammar | Cytokines and adhesion molecules in patients with polymyalgia rheumatica[END_REF], TNFα (94)or with an interest for diagnosis or follow-up. IL-6 was also studied in patients with relapsing PMR and was increased in patients with relapse while CRP or ESR might not be modified [START_REF] Caplanne | Interleukin-6 in clinical relapses of polymyalgia rheumatica and giant cell arteritis[END_REF]. IL-6 was also reported to be higher in patients with PMR than in patients with elderly onset RA [START_REF] Cutolo | Serum cytokines and steroidal hormones in polymyalgia rheumatica and elderly-onset rheumatoid arthritis[END_REF]. Measurement of the serum IL-6 receptor has been suggested useful for the diagnosis of relapse of PMR and this finding was another element to suggest the use of IL-6 receptor blockade therapy [START_REF] Pulsatelli | Serum interleukin-6 receptor in polymyalgia rheumatica: a potential marker of relapse/recurrence risk[END_REF]. Since tocilizumab has been used in PMR patients and is still investigated as a steroid sparing agent (8), the evolution of IL-6 under tocilizumab therapy might be of great interest. As already reported, we described the evolution of IL-6 under tocilizumab therapy. Despite an increase of IL-6 in early untreated PMR patients, the level of IL-6 did not change with tocilizumab treatment. But it appears that patients can be divided into two groups. In the first group patients had high level of IL-6 before tocilizumab therapy and the level of IL-6 significantly decreased after treatment. In the other group, IL-6 was not very high compared to controls and the level of IL-6 did not change (or slightly increased) after tocilizumab therapy [START_REF] Alegria | Correction of abnormal B-cell subset distribution by interleukin-6 receptor blockade in polymyalgia rheumatica[END_REF]. Despite these discrepancies in IL-6 level in the serum all patients had a PMR diagnosis and fulfilled the Chuang's criteria. Moreover, during follow-up, the diagnosis was not questioned. Interleukin serum level vary across the day, with the circadian production of cortisol, and might explain the very characteristic inflammatory symptoms of PMR patient.

But, only serum circadian variation has been studied [START_REF] Galbo | Circadian variations in clinical symptoms and concentrations of inflammatory cytokines, melatonin, and cortisol in polymyalgia rheumatica before and during prednisolone treatment: a controlled, observational, clinical experimental study[END_REF]. The origin of this increase in IL-6 production is not clearly elucidated. No evidence has been found that monocytes from peripheral blood produce more IL-6 in PMR patients and this increase of production might be located in the inflamed tissue [START_REF] Alvarez-Rodríguez | Circulating cytokines in active polymyalgia rheumatica[END_REF].

Muscles and synovial fluid, from Plato to PMR pathophysiology

Synovial thickening and inflammation has been described by arthroscopy (100) and this finding is of major importance because, as in RA with synovial thickening, the modifications observed in peripheral blood might be very different from the modifications in the involved tissues and the conclusions made from peripheral blood alone might not be fully relevant to understand PMR pathophysiology. Indeed, as the shadows of Plato's cave allegory, in peripheral blood we might be looking to very indirect consequences of inflammatory mechanisms hidden in the muscles and synovial tissue. But, unlike the prisoners of Plato's cave, we might be able to break our chains and to partially understand what take place in these important tissues. Few studies focused on cellular infiltration and cytokine expression in tissue and synovial fluid. Increase in interleukin (IL) 6 in the synovial fluid of a patient with polymyalgia rheumatica was early described (101). The vascular infiltration of patients with PMR and GCA was also studied and revealed infiltration of T cells producing inflammatory cytokines (IL- All these elements clearly underline the need for more analysis of synovial fluid and tissue, even for muscle extracts. But, obviously, research may not harm patients and strict control from ethics committee is mandatory to enable such studies.

The role of an ageing immune system:

Despite a peak on incidence after 50 years of age, very few studies specifically investigated the role of the modification of the immune system with ageing and its implication in PMR pathophysiology. In GCA, more studies are available about the ageing of the immune system cells and the link with oxidative stress (116-119). About PMR, we previously cited the increase of senescent T cells with an increase of NKG2D (74) expression and the modification of the CD8+ population with ageing [START_REF] Martinez-Taboada | Clonally expanded CD8 T cells in patients with polymyalgia rheumatica and giant cell arteritis[END_REF]. But few studies about the hormonal modifications with age and their implication in PMR are also available. Cortisol and DHEAS production is reduced in patients with untreated, early PMR (120). The decreased response to adrenal stimulation by ACTH observed in PMR patients might explain this reduced production. Adrenal hypofunction has then be confirmed in other studies (121,122). Finally, homocysteine, as a reflect of the vascular ageing and inflammation, has been studied and is higher in patients with PMR and GCA than in healthy controls (123).

The susceptibility to infections in people with ageing may expose this population to more viruses. The viral hypothesis has been discussed in PMR and GCA with many studies about both populations mixed. A cyclic pattern has been described in epidemiological studies of PMR and GCA (124). Some studies confirmed a seasonal pattern of PMR and GCA (125-127) while others did not (128-130). If a link has been suggested between the human parainfluenza virus and GCA with temporal artery infiltration (128) and might have been suggested between parvovirus B19 and PMR, no study confirmed these associations (129,131,132). For now, no infection has been clearly linked to PMR pathophysiology and if a seasonal pattern has been described in some cohorts, no exposure to an infection or an environmental agent support this pattern.

The innate immune system, a missing piece of the puzzle?

Activation of the innate immune system might be of great importance in PMR pathophysiology.

Indeed, IL-6 production, the main cytokine increased in peripheral blood and tissues in PMR patients, is mainly produce by innate system immune cells. Even if monocytes extracted from the peripheral blood mononuclear cells of PMR patients have not been found to be responsible for IL-6 productionin a culture model with cellular stimulationin one previous study [START_REF] Alvarez-Rodríguez | Circulating cytokines in active polymyalgia rheumatica[END_REF], this lead might not be too quickly ruled out. IL-6 production has been studied only in monocytes from the peripheral blood and not in cells inside muscles and synovial fluid or tissue. Few data hold the idea of the innate immune system implication up. TLR7 might be activated in active PMR and this activation might decrease with disease remission (133). This might be a cause of PMR activating the immune system and IL-6 production, but this might also be only a consequence of the strong inflammation observed in PMR. The role of phagocytosis in PMR has also been questioned but more studies are needed to fully understand this particular way (134).

More recently leukocyte dynamics in PMR and GCA patients has been reported and show a large increase of monocytes and neutrophils at early stages of the disease with a decrease of B cells and NK cells. High levels of monocytes were still observed in patients in remission with corticosteroids. The authors conclude leukocyte distribution shifts to myeloid lineage with the strong inflammation of PMR, but these cells might also be responsible for the strong inflammation. As frequently observed in inflammatory of autoimmune diseases, a deregulation of the immune system might lead to a vicious circle in which the immune system maintains its activation and the permanent state of inflammation but we might also imagine that a chronic inflammation progressively leads to a dysregulation of the immune system. Tocilizumab, the first anti-interleukin-6 receptor antibody, from 1973 to nowadays

From interleukin-6 to an antibody targeting the interleukin-6 receptor

The story of tocilizumab started with the discovery of IL-6. IL-6 was first described, in 1973, as a soluble factor playing an important role for antibody production by B cells. This soluble factor was secreted by T cells (135). In 1980, a soluble factor secreted by LPS-activated macrophages and inducing T cell differentiation was described by another team (136). Finally, in 1985, an hepatocyte-stimulating factor was described and compared with IL-1 for its structural similarity and its synthesis in inflammatory conditions (137). Ultimately, all these factors were identified has being the same molecule, subsequently known as IL-6.

Research on IL-6 enables the identification of multiple roles on almost all physiological functions, leading to the description of a pleiotropic cytokine. It has been shown, for example, that IL-6 plays a role in the control of the immune system. It enables B cell and T cell survival, maturation and differentiation, encourages the differentiation of monocytes and macrophages in dendritic cells, and participate to the cell migration towards targeted tissue. IL-6 also plays a role in hepatocyte stimulation by the production of fibrinogen, serum amyloid A and C-reactive protein among other. It is also known that IL-6 plays a role in the protection of cardiac myocytes particularly from apoptosis or oxidative stress. Finally, IL-6 participates in the bone homeostasis as it will be described later in this introduction.

One specificity for the IL-6 is it signaling pathway. Two main signaling pathways have been described. The first one is known as the "classical IL-6 receptor signaling" or "cis-signaling" and rely on the binding of IL-6 to CD126, the IL-6 receptor (IL-6R) at the cell surface. The Later, other monoclonal antibodies targeting the IL-6-IL-6R system were developed.

Sirukumab, siltuximab, olokizumab and clazakizumab are examples of such monoclonal antibodies targeting the IL-6 but none of these molecules are approved. Sarilumab, another anti-IL-6R antibody is the only one other drug approved, but only in RA.

Characteristics of tocilizumab

Tocilizumab is a humanized monoclonal antibody, targeting the IL-6R. It consists of the heavy CDR: complementarity-determining region.

Tocilizumab is available in two different formulations. The first one is solubilized for intravenous infusion and is mainly used at the dosage of 4 mg/kg or 8 mg/kg each month. The second one is in syringe or pre-filled pen-like auto-injector device for sub-cutaneous administration, at the dosage of 162 mg every week.

Pharmacokinetic of tocilizumab has been studied in inflammatory diseases, mainly in RA.

Tocilizumab has a non-linear pharmacokinetic profile. Area Under the Curve (AUC), half-life period (t1/2) are increasing with an increased dose of tocilizumab. Main pharmacokinetic characteristics are presented in Table I.III, adapted from Song et al. ( 142).

Table I.III: Main characteristics of tocilizumab pharmacokinetic in rheumatoid arthritis

from (142) AUC: area under the curve, Cmax: maximum serum concentration or peak, Cmin: minimum serum concentration, q2w: every two weeks, q4w: every four weeks, qw: every week, t1/2: half-time period Pharmacokinetic might be different in patients with inflammatory conditions and in healthy controls, but data from the manufacturer suggest that they are similar and are not modified by age, ethnicity, alcohol consumption and associated methotrexate therapy. The absence of difference between patients with RA and healthy controls might be explained by the target.

Targeting the IL-6R might equalize the elimination mediated by the target whereas targeting directly IL-6 might lead to different rates of elimination considering that IL-6 level in the serum is highly variable in patients.

The affinity of tocilizumab for the IL-6R and the sIL-6R is the same. Thus, the variation in the level of expression of sIL-6R might lead to a variation in the elimination rate to tocilizumab.

No such data are available so far regarding this point.

A study suggested that the inflammatory status of a patient might influence the pharmacokinetic of tocilizumab and that a fixed dosage of tocilizumab might be used instead of a weight adjusted dosage (143). These data have not been confirmed so far and clinical practice has not been impacted. 

Indication for the tocilizumab and ongoing developments

Bone turnover and influence of inflammation, polymyalgia rheumatica, tocilizumab and glucocorticoids on its homeostasis

Fundamentals of bone turnover

As most of the human tissues, bone is in permanent remodeling. The constant remodeling of bone is enabled by the activity of the bone's cells: osteoblasts, osteoclasts and osteocytes. These cells derived from the cells of the bone marrow and interact with the cells in the bone marrow.

They are organized in units modeling bone by cycles of activation, resorption and formation.

Osteoblasts derive from mesenchymal stem cells under the influence of several transcription factors (Runx2, Osterix, etc.). Osteoblasts are in charge of bone formation. Their main functions are the synthesis and the mineralization of the bone matrix. Some of the osteoblasts will be walled-in inside the bone matrix and will become osteocytes. Others will become lining cells in the newly formed bone. Finally, some of the osteoblasts will enter apoptosis.

Osteocytes are walled-in inside the bone extra-cellular matrix. Nevertheless, their role in bone homeostasis seems to be crucial. Under mechanical stress, osteocytes can secrete receptor activator of the nuclear κ-B ligand (RANK-L) and sclerostin, controlling the differentiation of osteoblasts and osteoclasts.

Osteoclasts derive from hematopoietic stem cells. The differentiation of the osteoclasts is regulated by the system RANK/RANK-L/Osteoprotegerin (OPG). RANK-L is a cytokine from the family of the TNF α. The OPG is a member of the TNF-receptor family. RANK-L is secreted by the osteoblasts and osteocytes. Its binding on RANK, associated to the stimulation by MCS-F, a growth factor, enables the differentiation from precursors to osteoclasts. OPG is an inhibitor of osteoclasts formation by its binding to RANK-L, preventing its coupling to RANK at the surface of the precursor. Osteoclasts are mainly in charge of the bone resorption.

Osteoclasts stick to the bone matrix and then form a compartment of resorption. 

Inflammation, interleukin-6 and bone turnover in the rheumatic disease

As discussed above, IL-6 is pleiotropic and has many functions. Its implication in bone turnover has partly been described. IL-6 being one of the cytokines stimulating bone resorption by the osteoclasts, an increased concentration of IL-6 is responsible for an increase in bone resorption.

Early, the trans-signaling with the soluble IL-6R was identified as an important trigger for osteoclast differentiation and formation (149). Indeed, the IL-6 trans-signaling has been described as inducing RANK-L expression by fibroblast-like synovial cells (150). Moreover, in the same study, Hashizume et al. suggests that the expression of RANK-L by these fibroblastlike synovial cells, under TNF α and IL-17 stimulation, is dependent from IL-6 trans-signaling.

This last study underlines the important role of IL-6 in the pathophysiology of RA. Indeed, the stimulation of bone resorption by the IL-6 is not only responsible for global bone demineralization but is also responsible for the local formation of bone erosions. Additionally, some authors suggest that the increased level of bone resorption markers at baseline and the quick decrease of bone resorption markers could be predictors of the response to tocilizumab therapy (151).

In PMR, the role of inflammation on bone homeostasis has been reported in few studies. In 1997, Dolan et al. reported an increase of the crosslinks, a marker of bone resorption (including CTX, a product of the degradation of the type I collagen) in PMR patients with an active inflammatory disease (152). At the opposite, bone formation was not impacted in PMR patients.

A correlation was observed between the crosslinks and the erythrocyte sedimentation rate as it was also observed between the crosslinks and IL-6. Under treatment with GC, the crosslinks decreased and the bone formation marker increased. In another study from Barnes et al. an increase in bone resorption was also observed, but a decrease in bone formation was associated (153). This decrease of bone formation was not reported in many studies in untreated PMR patients. This might be explained by the period of evolution before inclusion which was up to 104 weeks in the study from Barnes et al. suggesting a prolonged inflammation. More recently, another study focused on the RANK/RANK-L/OPG equilibrium in PMR (154). In this study, the soluble par of RANK-L was increase in patients with PMR, without a concomitant increase of OPG, favoring the bone resorption. Moreover, the RANK-L was not modulated by the GC therapy. This report suggests that despite the control of inflammation, GC might imbalance the bone homeostasis toward more bone resorption.

Impact of drugs on bone turnover

GC decrease bone formation. GC are responsible for an inhibition of Runx2 leading to a decrease of osteocalcin and collagen synthesis in the osteoblasts. This decrease of the activity of the osteoblasts is associated to an increase of the apoptosis of both osteoblasts and osteocytes.

But, at the opposite, GC are responsible for a decrease of osteoclasts apoptosis and an increase of their differentiation. Moreover, GC are responsible for an increase of RANK-L and a decrease of OPG, reinforcing the differentiation and activation of osteoclasts. Finally, GC have a direct action on the catabolism of muscular fibers. Being responsible for sarcopenia, GC also decrease the mechanical stimulation of bone, decreasing the bone turn-over.

The impact of tocilizumab therapy has mainly been studied in patients with RA. In the RADIATE study, tocilizumab therapy decreased the CTX and decreased the cathepsin-K, involved in bone resorption (155). In RA, bone resorption can be responsible for osteoporosis but is also involved locally, in the joint, in the formation of bone erosions. The data from the SAMURAI study showed an association between the decrease of bone resorption markers and the structural evolution of patients with RA and treated with tocilizumab (156). Many other analysis from the pivotal studies for tocilizumab development confirmed the decrease of bone resorption markers and the increase of bone formation markers under tocilizumab therapy, with or without associated methotrexate (157). In a French study, Briot et al. described an increase in bone formation under tocilizumab therapy in patients with RA (158). This increase in bone formation is associated to a decrease of Dickkopf-1, a regulator of the bone homeostasis.

Dickkopf-1 has been reported to inhibit a major pathway of bone formation, the Wnt signaling pathway.

Objectives of the thesis

The works reported in this thesis started in 2015. Polymyalgia rheumatica was a disease of o What is the effect of tocilizumab lymphocytes subsets in PMR patients?

interest
o How does the lymphocyte subsets evolve in PMR dependent to GC?

Part II: Polymyalgia rheumatica: more an inflammatory than an autoimmune disease 

A

INTRODUCTION:

Polymyalgia rheumatica (PMR) is a common cause of arthralgia in elderly patients. PMR occurs after 50 years of age and is responsible for pain in the shoulder girdle and the pelvic girdle. A main characteristic of PMR is an increase in acute-phase reactants (APRs), namely, C-reactive protein (CRP) and the erythrocyte sedimentation rate (ESR). PMR may be associated with giant cell arteritis (GCA) but can also occur in isolation [1]. Glucocorticoids remain the cornerstone of treatment for PMR. Although methotrexate has been studied as a glucocorticoidsparing agent (GSA), data are controversial [2]. More recently, tocilizumab, a monoclonal antibody targeting the interleukin (IL) 6 receptor, has demonstrated efficacy in early PMR [3].

Nonetheless, several studies are ongoing to evaluate the use of tocilizumab in PMR as an induction treatment or as a GSA [4,5]. Tocilizumab is known for its strong anti-inflammatory effects and is currently being studied in the cytokine storms generated by SARS-CoV2 infection [6].

GCA, as vasculitis, is considered as an autoimmune disease. If PMR is considered as a spectrum of GCA it should be also considered as an autoimmune disease. But sof ar, no antibodies has been described associated with PMR. Despite not fulfilling Witebsky's revised criteria for an autoimmune disease [7], as PMR is sensitive to glucocorticoids and tocilizumab, one question remains unresolved: is PMR an autoinflammatory or an autoimmune condition [8]?

Inflammation is the main pathogenic mechanism identified in PMR, e.g., IL-6 is strongly increased in these patients [9]; monocytes are probably involved [10] but are not responsible for IL-6 secretion. With regard to autoimmunity, disruptions in adaptive immune system T cells [11] and B cells [9,12] occur. However, no specific autoantibody or specific autoreactive lymphocyte has been reported. Recently, leukocyte dynamics have been studied in early PMR and GCA, and a myeloid shift was observed in untreated patients [13], sustaining the hypothesis of a prevailing inflammatory mechanism. The response to glucocorticoids and tocilizumab may imply autoimmune mechanism, but these medications are also effective in inflammatory diseases such as adult onset Still disease.

Our aim was to identify immunological findings guiding toward inflammatory or autoimmune mechanism in a well characterized population of PMR patients. Then, we studied the effect of tocilizumab on these findings.

PATIENTS AND METHODS:

To increase our understanding of the PMR pathogenic mechanism and to determine whether inflammation or autoimmunity is involved, we aimed to describe the inflammatory and autoimmune characteristics of a well-defined population of untreated early PMR patients and to observe their evolution under tocilizumab therapy, as it is considered a strong antiinflammatory therapy. We first analysed the whole blood of PMR patients to determine whether modifications are overall caused by inflammation that specifically affects the lymphoid compartment. Next, we evaluated γ-globulins, as hypergammaglobulinaemia is often associated with autoimmune disease and inflammation, and we searched for a specific decrease in immunoglobulin isotypes. Finally, we searched for marks of autoimmunity with a large panel of autoantibodies to determine whether autoimmunity is pronounced in PMR patients.

Patients:

Data for PMR patients included in the TENOR study [3] were used in the present study.

Chuang's criteria for PMR were applied and fulfilled. The patients received three intravenous infusions of tocilizumab at visit (V) 0 (week 0), V3 (week 4) and V4 (week 8); from V5 (week 12), the patients received glucocorticoids until V8 (week 24). Glucocorticoids were administered as a decreasing oral and daily dose. As previously reported, all patients responded to tocilizumab therapy at V5 and V8 according to the PMR activity score [14].

Healthy controls:

Age-and sex-matched healthy controls (HCs) were recruited from the Rheumatology Department of Brest University Hospital (CHRU Cavale-Blanche). The HC subjects had no infection, no active neoplastic affection and no autoimmune disease. Moreover, they had no increase in APR, and all HCs gave informed and written consent. An ethics committee (CCP-OUEST-VI) provided approval for the study.

Levels of γ-globulins, immunoglobulin (Ig) A, IgG and IgM were collected at V0, V5, V6 and V8. Autoantibodies were tested only at inclusion. For HC, all available data were recorded, but not all of the HCs underwent autoantibody testing. PMR-AS was collected at each visit between inclusion and V5 (week 12), and PMR-AS<10 was used to define a response for survival analysis.

Interleukin-6:

IL-6 was assessed using Human IL-6 enzyme-linked immunosorbent assay (ELISA) Kit II (BD Biosciences, San Jose, CA, USA) according to the manufacturer's instructions. The detection threshold was 2.2 pg/ml.

Autoantibodies assay:

Sera were tested for ANA by indirect immunofluorescence (IIF) using HEp-2 cells, and the autoantibody profile comprised antidouble-stranded (ds) DNA, anti-SSA (52+60 kDa), anti-SSB, anti-Sm, anti-U1RNP, anti-Scl70, anti-Jo1, and anti-cardiolipin from the IDS-ISYS chemiluminescent system (Immunodiagnostic system Ltd, Boldon, UK); anti-dsDNA-NcX, anti-MPO, and anti-PR3 (Euroimmun, Luebeck, Germany); anti-CCP3 (Werfen, Cheshire, UK); rheumatoid factor, anti-alpha actinin and anti-histone assays were as previously described [15]. For heatmap analysis, autoantibodies were standardized using the threshold for positivity (P+) determined by the laboratory as follows: (patient value)/(P+).

Statistical analysis:

Data are presented as the mean±standard error of the mean or number (percentage) when appropriate. First, leukocytes, neutrophils, platelets and haemoglobin were compared between 

RESULTS:

Full blood count is mainly affected by inflammation and quickly improved by tocilizumab in polymyalgia rheumatica patients.

The characteristics of 18 PMR patients were previously reported in the TENOR study [3].

Eleven of the patients were men (idem for the HCs). The mean age was 68±7 and 66±11 years, Data are presented as the mean and standard error of the mean in red.

and

The association between interleukin -6 and inflammatory disturbances is no longer observed after tocilizumab therapy.

At inclusion, a strong association was observed between IL-6 and all markers of inflammation from the full blood count (figure 2.2). Leukocytes were significantly associated with IL-6 (r=0.715, p<0.001), as were neutrophils (r=0.767, p<0.001), haemoglobin (r=0.575, p=0.012), 55 and platelets (r=0.47, p=0.049). However, these associations were no longer observed after tocilizumab treatment (figure 2S1). At inclusion, γ-globulins were increased in the PMR patients (12.1±0.6 g/l) compared to HCs (8.8±0.8 g/l) (figure 2.3A), but the level in the PMR patients' serum progressively decreased after tocilizumab therapy (10.8±0.5 g/l at V5) and glucocorticoids (9.8±0.5 g/l at V8).

Treatment with tocilizumab induced a rapid decrease in IgA (from 2.9±0.4 g/l at V0 to 2.1±0.2 g/l, figure 2S2A), IgG (from 11.7±0.6 g/l at V0 to 10.2±0.5 g/l, figure 2S2B) and IgM (from 56 1.0±0.1 g/l at V0 to 0.9±0.1 g/l, figure 2S2C) levels in the serum of the PMR patients. 

DISCUSSION:

We showed that levels of leukocytes, neutrophils and platelets were higher in early PMR patients than in HCs but that haemoglobin was decreased. Moreover, these modifications correlated with the IL-6 level in patient serum at inclusion. Quickly after tocilizumab therapy, leukocytes, neutrophils and platelets decreased and haemoglobin increased in PMR patients and no longer correlated with IL-6. These data suggest a strong inflammatory mechanism in PMR pathophysiology. In addition, γ-globulins were increased (as can occur with inflammation), but no autoimmune mark enabled the differentiation of PMR patients and HCs. Finally, a γ-globulin level over 11 g/l was a biological marker associated with a quick response to tocilizumab.

The pathophysiology of PMR is poorly understood. Consequently, it is not clear whether PMR should be considered an autoimmune disease or an inflammatoryor autoinflammatorydisease [8]. The role of the innate immune system, the absence of interferon-γ secretion (compared to autoimmune diseases), the strong increase in APR and the lack of specific autoantibodies suggest mechanisms closer to autoinflammation. Nonetheless, PMR can be associated with GCA, a large vessel vasculitis, and considered an autoimmune-mediated disease. In this study, we highlight the absence of specific autoantibodies among a large panel and the absence of an autoantibody background when compared to HCs. Moreover, most of our observations were linked to inflammation and improved quickly with a decrease in inflammation.

Glucocorticoids remain the cornerstone of PMR treatment but are associated with many complications. Tocilizumab has shown promising results in early PMR and is currently evaluated as a GSA, though its place in the therapeutic strategy has yet to be determined. No prognostic factor or factor predicting response to treatment is currently available for PMR. In our study, patients with γ-globulin levels over 11 g/l responded more quickly than did other patients. The delay between treatment initiation and clinical improvement with tocilizumab therapy has been discussed and appears to be longer than that with glucocorticoids [4]. As a routinely available biological marker that predicts a rapid response for tocilizumab, the γglobulin level is of clinical utility but has yet to be confirmed in other studies.

Our study is limited by the small number of patients. Nevertheless, no large cohort of PMR patients treated with tocilizumab and with extensive clinical and biological characterization is available to date.

To conclude, our study suggests that PMR is more an inflammatory disease than an autoimmune disease, that tocilizumab improves all inflammatory components and that γ-globulins might be used to predict a quick response to tocilizumab therapy. 

NEW LEADS AND HYPOTHESIS:

In this first study we focused on the discussion between autoimmunity and inflammation. In this study we did not identify elements indicating autoimmune mechanisms at play in polymyalgia rheumatica, though:

-Auto-antibodies targeting an unknown antigen might be present in the serum of PMR patients and we might not be able to identify it yet.

-A search for auto-reactive B cells and T cells compared to sex-matched controls would be helpful to go further in our understanding of PMR.

Thrombocytosis, anemia, increase of leukocytes and neutrophils, hypergammaglobulinemia, are frequently observed in inflammatory conditions. Nevertheless, the trigger of inflammation in PMR is still unknown. Many questions should still be addressed:

-Is inflammation only mediated by IL-6?

-Which cell produces IL-6 and other inflammatory mediators in PMR?

-Is inflammation a consequence of an unregulated aging of the immune system?

Finally, the use of tocilizumab in PMR has been adapted from its use in RA, though RA is an autoimmune disease and PMR might not be. Moreover, the level of IL-6 in the serum of patient with PMR and RA differs.

- Disclosures: Roche-Chugai provided an unconditional grant for the TENOR study.

Tocilizumab was donated free of charge by Roche-Chugai. Roche-Chugai had no role in the design or conduct of the study; collection, management, analysis, or interpretation of the data;

or preparation, revision, or approval of the manuscript.
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INTRODUCTION

The pathophysiology of polymyalgia rheumatica (PMR) remains unclear. Recent work demonstrated low circulating B cell counts in active PMR followed by a return to normal after corticosteroid therapy (1). Several lines of evidence indicate that interleukin (IL)-6 is the proinflammatory cytokine that varies most widely in PMR, increasing in active disease and declining after corticosteroid therapy(2,3), suggesting a pathophysiological role for IL-6 in the disease. Based on this evidence, tocilizumab, a monoclonal antibody to the IL-6 receptor (IL-6R), was used successfully in several patients with refractory PMR(4). Furthermore, in patients with newly diagnosed PMR enrolled in two open-label phase 2 studies, tocilizumab therapy induced clinical disease remission (5,6). The biological effects accompanying the clinical efficacy of tocilizumab are unknown.

Our aim was to compare the distribution of lymphocyte subsets and circulating levels of proinflammatory and anti-inflammatory cytokinesincluding IL-6in patients with PMR, both at diagnosis and after tocilizumab therapy, as well as in age-and sex-matched controls.

randomly chosen patients, at baseline and W12, as well as in two controls. Cytokines differentially expressed in patients and controls were then assayed in all patients and controls using commercial enzyme-linked immunosorbent assay (ELISA) kits.

Statistical analysis

One patient was excluded from the longitudinal analyses because of an infection during followup that altered the blood-cell counts and lymphocyte subsets.

Continuous variables were described as mean and standard errors and categorical variables as number and percentage. The non-parametric Mann-Whitney test or the paired non-parametric Wilcoxon test was used, as appropriate. Correlations between continuous variables were assessed using the non-parametric Spearman test. Values of p<0.05 were considered significant.

Statistical analyses were performed using GraphPad Prism®software v6.05 (GraphPad Software, La Jolla, CA, USA) for Windows. 

Tocilizumab therapy corrects B cell subset distribution

Absolute total lymphocyte and CD19+ B cell counts increased significantly between baseline and W12 during tocilizumab monotherapy (Figure 3.1D and Supplemental Table III.II). This correction of the baseline B cell lymphopenia was chiefly ascribable to increases in IgD+CD27naïve B cells and IgD-CD27+ switched memory B cells, which were the most severely decreased subsets at baseline compared to controls (Figure 3.1D and 3.1E). Other B cell subsets also increased between baseline and W12, but to a lesser extent (Supplemental Table III.II).

Only patients with an early clinical response (PMR-AS<10 at W4) had significant increases in total B cells and switched memory B cells at W2 (Figure 3.1F).

Increased serum IL-6 correlates with disease activity in PMR patients

The cytokine array in two patients and two controls revealed a large increase in IL-6 and moderate increases in IL-1β and CD40-ligand (CD40-L) levels in patients at baseline compared to controls. IL-6, IL-1β, tumor necrosis factor α, and CD40-L levels in the patients were lower at W12 after tocilizumab therapy than at baseline (Figure 3.2A).

Since the variations were clearly largest for IL-6, we measured serum IL-6 levels in all controls and patients at baseline and W12, by ELISA. Serum IL-10 was also assayed as a negative marker. Mean IL-6 level was nearly 10-fold higher in the patients (112±19 vs. 13±3 pg/ml in controls, p<0.01, Figure 3.2B), whereas IL-10 levels were similar (30±10 and 19±4 pg/ml, respectively, p=0.1, data not shown). The IL-6 level correlated with baseline PMR-AS (Figure 3.2C) and CRP level (r=0.7, p=0.003).

In the patients, mean IL-6 level was not significantly lower at W12 vs. baseline (Figure 3.2D).

However, the change in IL-6 levels from baseline to W12 varied widely across patients. In 9

patients with marked baseline IL-6 elevation, IL-6 levels dropped between baseline and W12, from 171±17 to 76±10 pg/ml (p<0.01). The remaining 9 patients had lower baseline IL-6 levels, In patients with PMR, peripheral B cell lymphopenia and abnormal B cell subset distribution were associated with disease activity and were corrected after tocilizumab monotherapy. This effect was associated with the pro-inflammatory cytokine IL-6: it occurred selectively in those patients whose serum IL-6 levels decreased after tocilizumab therapy.

Van der Geest et al. also reported that patients with newly diagnosed active PMR had lower counts of circulating total B cells and of CD24lowCD38low mature, CD24highCD38high transitional, IgD+CD27-naïve, and IgD-CD27+ switched memory B cells compared to controls, contrasting with similar IgD+CD27+ unswitched memory B cell counts (1). The abnormalities resolved after corticosteroid therapy. Our finding of similar changes after tocilizumab monotherapy suggests that correction of the B cell abnormalities may be due to a decrease in disease activity rather than to corticosteroid exposure and that inflammation and IL-6 may be responsible for the alterations in B cell distribution. In contrast, in patients with rheumatoid arthritis (RA), tocilizumab specifically modulated IgD+CD27+ unswitched memory B cells (8) and NK cells (9) and seems to induce a decrease in memory B cell populations (10). These data underline the pathophysiological differences between these diseases in which B cell subsets are disturbed (11), and the fact that most patients with RA received tocilizumab after several lines of therapies and concomitantly with methotrexate, whereas in the present study PMR patients received tocilizumab as a first-line monotherapy.

Several facts support a pathophysiological role for IL-6 in PMR (12). IL-6 is increased in serum (13), muscles (14), and synovial fluid(15) from patients with PMR. A polymorphism in the IL-6 promoter is associated with PMR symptoms in patients with giant cell arteritis (16). Finally, serum IL-6 levels are associated with disease activity (13) and decrease after corticosteroid therapy (2). In our study, serum IL-6 correlated with disease activity at onset but, although all patients achieved a remission after tocilizumab(5), serum IL-6 decreased only in the subgroup with the highest baseline IL-6 levels. Interestingly, in healthy volunteerswhich received tocilizumab in a phase I studyand patients with RA or Castleman disease, serum IL-6 increased significantly after tocilizumab therapy, probably due to inhibition of IL-6R-mediated clearance of IL-6 (17). It is important to note that IL-6 seric levels are different according to the disease considered. Thus, in rheumatoid arthritis, patients are presenting an increase in IL-6 from 58 to 93 pg/ml, and healthy volunteers from 3 to 9 pg/ml (17). In our study patients with an increased IL-6 level are acting as patients with rheumatoid arthritis, with an increase from 40 to 72 pg/ml, and this may correspond to the inhibition of IL-6 clearance as already described.

But for the other patients this increase is masked by the important decrease due to the control of inflammation and probably the decrease of IL-6 production by immune system cells. These mechanisms may also explain the serum IL-6 differences in our patients with low baseline IL-6 levels (that will increase due to the inhibition of IL-6 clearance), and en in patients with higher levels (with a massive decrease primarily due to the control of the IL-6-mediated inflammatory process). IL-6 has been proven to play an important role in B cell terminal differentiation (18).

It also has been reported that IL-6 could play a role in regulatory B cell induction (19) and in germinal center through follicular helper T cell (20). Thus, links have been made between IL-6 and B cell. We can assume that IL-6, by playing a role in B cell terminal differentiation can disturb B cell homeostasis. Further studies are needed to unravel the precise mechanism of this interplay.

Finally, an early increase in CD19+ B cells at W2 was associated with an early clinical response.

Thus, the CD19+ B cell count might hold promise for predicting the time to tocilizumab response. As observed in the TENOR study, tocilizumab had a longer time to action compared to corticosteroids, and predicting the time to response may therefore prove helpful. Given that all patients experienced an improvement of disease activity we were not able to analyze predictive factors of the disease course during the time of follow-up.

Our study provides the first data on changes in lymphocyte populations and pro-inflammatory cytokines during tocilizumab therapy in patients with PMR, driving hypotheses regarding the pathophysiology of the disease. III 

Supplementary Table

NEW LEADS AND HYPOTHESIS:

In this second study we focused on the lymphocytes and lymphocytes subsets in PMR. We confirmed the decrease in B cells with a disturbed homeostasis in the B cell compartment in early untreated PMR and the return to a normal B cell count after tocilizumab therapy. But we can wonder if:

-These observations are the same in patients with an active disease despite GC. We can suppose that it is the case if B cells are involved in pathophysiology, but a prolonged GC treatment has also an impact in the lymphocytes' subset. (Part IV)

-The abnormalities in the B cell compartment are key elements in pathophysiology of PMR or if they are a consequence of a strong inflammatory context.

We also analyzed the IL-6 level in the serum and the evolution under tocilizumab therapy. It also gives rise to other questions:

-Should we adapt the tocilizumab therapy according to the initial concentration of IL-6 in the serum of patients? (Part VI)

-If IL-6 does not decrease in all patients, is the bone turnover impacted? (part V)

Finally, all these observations were performed on the serum of patients. But, the few available data about target tissue in PMR suggest that other inflammatory cytokines might be involved and that the distribution of the immune system's cells might not be the reflection of the distribution in the blood of patients. Once again, it underlines the importance of starting studies focused on the peri-articular tissue of PMR patients.

INTRODUCTION:

With our previous works in polymyalgia rheumatica we analyzed the lymphocytes subsets and the pro-inflammatory cytokines in PMR [START_REF] Alegria | Correction of abnormal B-cell subset distribution by interleukin-6 receptor blockade in polymyalgia rheumatica[END_REF]. These previous works tend to characterize PMR as a strong inflammatory disease, without elements suggesting autoimmunity so far. Despite the strong anti-inflammatory properties of GC, some patients need high dose or develop a dependence to GC.

The mechanisms leading to dependence to GC are still unknown. And the effects of tocilizumab therapy on the immune system, in such patients, have never been reported so far.

In this part, we will present the first results of the analysis of flow cytometry from the SEMAPHORE study. The SEMAPHORE study is a French, national, multi-center protocol. Its objective is to evaluate the efficacy of tocilizumab in PMR patients with dependence to GC.

Because of the COVID19, the freezing of the database and the access to clinical data have been delayed. Nevertheless, we were still able to perform an analyze of the cytometry data at inclusion, presented below.

Patients

Patients were recruited in 17 centers in France. To be included, patients had to be older than 50 years, to have a PMR diagnosis, to fulfill the Chuang's criteria at the time of PMR diagnosis, to have a good initial response to GC and to have a GC dependence. GC dependence was defined as a PMR-AS over 10 with the impossibility to decrease GC under 10 mg per day.

Patients were excluded in case of signs of another disease mimicking PMR, signs of GCA, uncontrolled dyslipidemia, uncontrolled high blood pressure, uncontrolled cardiovascular disease, history of major organ transplant, history of hematopoietic stem cell transplantation, history of bone marrow transplantation, significant unstable or uncontrolled acute or chronic disease not due to PMR, planned surgery within 12 months after randomization, history of malignant neoplasm within the last 5 years, current active infection, elevated ALT or AST over 5 ULN.

Moreover, patients were excluded if they received more than 25 mg of GC per day at inclusion, in case of previous treatment with anti-CD4, anti-CD5, anti-CD3, anti-CD19 or anti-CD20 antibodies, in case of previous treatment with tocilizumab, tofacitinib, chlorambucil, total lymphoid irradiation, in case of previous treatment with intra-venous Ig, plasmapheresis in the last 6 months, in case of treatment with ciclosporine A, azathioprine, mycofenolate mofetil or live/attenuated vaccine in the last 4 months, in case of treatment with etancercept in the last 2 weeks, in case of previous treatment with infliximab, golimumab, adalimumab or abatacept in the last 8 weeks, in case of treatment with anakinra in the last week before baseline.

Randomization was used to attribute either a tocilizumab treatment or a placebo treatment on a 1:1 ratio. Patients received infusion of either placebo or tocilizumab (8 mg/kg) at week 0, 4, 8, 12, 16 and 20. From week 8 to the end of the study, GC decrease was scheduled according to a pre-defined protocol. Composition of these Duraclone® tubes is presented in table IV.I. Considering the results from our previous studies we decided to extend the analysis, using two more Duraclone® tubes. In collaboration with Beckman Coulter we designed new panels including the staining of CD126, the IL-6 receptor in a panel for B cell analysis and another for T cell analysis. The composition of these two Duraclone® tubes is presented in table IV.1. In order to perform staining of membrane IgM on B cells, blood was washed twice with PBS with centrifugation for 10 minutes at 2000 rotation per minutes after each wash. Cells were then resuspended in 100 µl of PBS.

Hundred µl of whole blood (for BASIC and T cell Duraclone). The Kaluza Analysis 2.1 software was used for flow cytometry analysis. Phycoerythrin-Cyanine-5.5 (PC5.5) CD27 CD25

CD: cluster of differentiation, Ig: immunoglobulin

Statistical analysis:

Data are presented as mean±standard error of the mean in tables and in figures. Considering the small sample size and the imbalance between groups, non-parametric Mann-Whitney test were used to compare means between two groups. If more than two groups were compared, a nonparametric Kruskal-Wallis test was used to compare means. First, we decided to compare the mean of cell subset percentages depending on the delay of delivery. Secondly, we compared cell subsets between patients with PMR and HC at inclusion. Finally, we compared the mean fluorescence intensity of CD126 between cell subsets, in patients with PMR, at inclusion. P value <0.05 was considered statistically significant.

RESULTS

Patients' characteristics:

One hundred and thirteen patients were screened with a blood sample at inclusion in the SEMAPHORE study. Among them, 100 were included in the SEMAPHORE study. Patients were included in 17 centers in France (Figure 4. 

Survival analysis:

Considering the variable delay of delivery for the blood samples and the staining technique on fresh whole blood, the mortality was highly different depending on the center and the delay of delivery. Before the end of recruitment, we performed a first analysis of cell survival on the available samples. Alive cells were defined according to the FS/SS bi-parametric diagram as no specific staining for mortality was performed in the cytometry analysis. We compared the mortality between the first three days and the mortality at each point over the period (figure 4.4G-I). The percentage of alive cells decreased quickly after the first day. It has an impact on the percentage of fragile cells, such as plasmablasts, though it might not impact larger population, such as total B cells. We also performed staining the day of sampling, and the two following days. Results for overall survival, B cells and plasmablasts are presented in figure 4.4A-F. The results were concordant with those observed in the previous analysis, after few 95 days, the number of alive cells dramatically decreased and the more fragile cells were the most impacted. according to the same gating strategy was compared for all available patients according to the delay between sampling and staining (G-I). Comparisons were made between day 0 and day1, day 1 and day2, day 2 and day 3 with a Mann-Whitney test and were made over day 0 to day 3 and over day 0 to day 10 with a Kruskall-Wallis test. p < 0.05 was considered as significant.

After this first analysis, samples getting to the immunology laboratory after 3 days were no more stained and analyzed to prevent the unnecessary consuming of materials. Moreover, a cutoff of 80% alive cells on a FS/SS plot was set to pursue cytometry analysis.

Innate immune system is impaired in cortico -dependent polymyalgia rheumatica patients:

We first analyzed granulocytes and monocytes (figures 4. 

Expression of CD126 differs in T cell subsets

As tocilizumab targets CD126, the IL-6R, we wonder if the expression of CD126 on lymphocyte can influence their evolution under tocilizumab therapy. Unfortunately, for now

Discussion:

In this study we defined parameters enabling a proper analysis of cytometry staining for samples from all over France and with the problem of the delay for delivery. We observed a disturbance in innate immune cells in patients with GC-dependent PMR compared to HC, with an increase in granulocytes and a decrease in monocytes. We did not observe a modification in overall B cell, but a specific increase of CD27 -IgD -senescent B cells, without a significant increase in CD21 low B cells. T cells were increased in PMR patients, but without a significant increase of either CD4 + T cell or CD8 + T cells. Only the CD4 + central memory T cell compartment was decreased in PMR patients compared to HC. Finally, the CD126 expression was weak on B cells but was high in some T cells subsets and especially on CD4 + T cells and regulatory T cells.

In this study we were able to analyze only data at inclusion because clinical data are not yet available. Due to the COVID19, regulatory controls in each center of the SEMAPHORE study have been delayed and have not been performed so far. Nevertheless, the analysis of data at inclusion shine a light on interesting modifications compared to healthy controls and the difference of expression of CD126 suggests a potential modulation of the evolution of lymphocyte subsets under tocilizumab therapy.

One should keep in mind that, in the SEMAPHORE study, the patients had a GC-dependent PMR and received variablebut often extended -GC therapy. Moreover, some patients might have received methotrexate as a GC sparing agent prior to the inclusion in the SEMAPHORE study. These data will be available as soon as the database will be frozen.

The first results of the SEMAPHORE study are not in line with the results of the previous TENOR study. The main hypothesis to explain these discrepancies is that patients received a long-standing GC therapy or a methotrexate therapy. A direct comparison is not possible between the patients of the TENOR study and the patients of the SEMAPHORE study. Indeed, the staining used in both protocols and the cytometer were not the same. But a new protocol is currently recruiting, the ALORS protocol (NCT 03632187). Is this protocol, patients with a new onset PMR, without GC or methotrexate, are included and will receive either abatacept or a placebo. At inclusion, a cytometry staining analysis using the B cell CD126 and T cell CD126

Duraclone® tubes, strictly comparable to the staining made with those two Duraclone® tubes in the SEMAPHORE study, will be performed. Therefore, a comparison of early, untreated PMR patients and of GC-dependent PMR patients will be possible.

The increase in granulocytes, observed in this study, may have several explanations. We may hypothesize that a persistent inflammation is responsible for this increase in granulocytes. But PMR cortico-dependent patients were, by definition, treated with GC. And GC are known to increase granulocytes. Moreover, granulocytes fluctuate during the day depending on the hour and on the diet. All samples were performed fasting, in the morning, in patients or HC. The hour of sampling might fluctuate for it was performed early in the morning for HC (around 6 a.m.) while it was performed later for PMR patients (around 9 a.m.). To analyze the impact of GC, PMR patients should be compared to HC under GC or to PMR patients with an inactive disease, under GC, with pairing for the amount of GC. For now, we do not have such a cohort.

The monocyte decrease might seem paradoxical for monocytes are known to be important producers of IL-6. Intuitively, one can suppose that patients with a more active disease might have more monocytes, leading to a more important production of interleukin-6. But, as suggested for granulocytes, the decrease might be a consequence of the treatment with GC. But we can also wonder if, in patients with active, cortico-dependent PMR, monocytes might migrate in the peri-articular structure to play their pro-inflammatory role and if the decrease in the blood might be a consequence of cell migration. To answer this question, it appears essential to analyze the peri-articular structure and we will discuss this point in the perspectives.

In the TENOR study we observed a decrease of B cells in early PMR patients and this decrease was no more observed in PMR patients from the SEMAPHORE study, compared to HC. The

NEW LEADS AND HYPOTHESIS

In the SEMAPHORE study, we were able to analyze the lymphocyte subsets at inclusion. But unfortunately, for now, we were not able to analyze their evolution under tocilizumab therapy.

So, many questions are still unanswered:

-Is tocilizumab able to correct the modifications observed in PMR patients with dependence to GC?

-Can tocilizumab preferentially target some lymphocytes subsets because of their high expression of CD126?

As we discussed above, we are not currently able to directly compare lymphocytes subsets in early untreated PMR patients and in GC-dependent PMR patients. But, with the ALORS study (NCT03632187), this analysis will be possible soon. This will enable us to look if:

-Abnormalities observed in cortico-dependent patients might be attributable to GC treatment.

-If methotrexate therapy, in some patients, also have an effect on lymphocyte subsets.

Moreover, we discussed in the introduction the pharmacology of tocilizumab. According to available data, the pharmacokinetic of tocilizumab is not modified by the inflammation in RA.

Nevertheless, inflammation in polymyalgia rheumatica might be superior to the inflammation observed in RA.

-Does a strong inflammation and a long-standing GC treatment influence tocilizumab pharmacokinetic?

-Does the association of methotrexate influence the tocilizumab pharmacokinetic?

-Although anti-drug antibodies are not common under tocilizumab therapy, are they also observed in patients with PMR?

Part V: Tocilizumab controls bone turnover in early polymyalgia rheumatica 

INTRODUCTION:

Polymyalgia rheumatica (PMR) is an inflammatory disorder affecting people after age 50.

Cardinal symptoms are inflammatory pain of shoulder and hip girdles with pronounced stiffness lasting at least one hour. Acute phase reactants such as C-reactive protein (CRP) and erythrocyte sedimentation rate (ESR) are usually elevated at disease onset, and inflammation has a direct impact in bone metabolism [1]. Blocking the interleukin (IL)-6 axis with tocilizumab has been demonstrated by our group and others to be effective in PMR [2][3][4][5][6],

however its impact on bone turnover remains to be established since IL-6 possesses a dual role in bone remodeling and resorption. On one hand, IL-6 is involved in bone homeostasis via osteoclast formation [7], and, on the other hand, IL-6 is implicated in osteoclast differentiation by inducing the receptor activator of nuclear factor kappa-Β ligand (RANK-L) [8].

Osteoporosis is a major adverse event induces by corticosteroids in PMR patients.

Corticosteroids mainly affect bone formation. In healthy volunteers, 5 mg per days of prednisone decrease the N-terminal collagen type I extension propeptide (PINP) and osteocalcin, both markers of bone formation [9]. Corticosteroids decrease the number and the function of both osteoblasts and osteocytes. Moreover, corticosteroids decrease the muscle mass and the level of sex steroid hormones worsening the osteoporosis. There is a need for new effective treatment with less induced co morbidities.

Besides bone mineral density performed routinely by DXA, to screen patients at risk of bone fragility, the use of circulating bone markers provides an optimal monitoring to evaluate bone formation and bone resorption on a short period of time. Among these markers, bone osteoformation can be evaluated by measuring PINP that is cleaved from the amino terminal part of type I collagen during bone formation [10]. For bone resorption, the carboxy-terminal region of collagen type I (CTX-I) is used since it is a result of the action of cathepsin K on collagen.

CTX-I exhibits important circadian rhythms, and as a consequence it's important to respect strict preanalytical conditions [11]. Several factors are also known to influence PINP and CTX-1 levels as reported by the National Bone Health Alliance [12]. Moreover, dual X-ray absorptiometry is not always available to evaluate bone mineral density and this can be appreciated using a scanographic bone attenuation coefficient as recently validated in several studies [13,14].

Accordingly, our objective was to describe the evolution of the two bone homeostasis markers PINP and CTX-I in patients with early PMR, treated with tocilizumab, an anti-IL-6 receptor monoclonal antibody, and then with steroids.

METHOD

Sample collection

Twenty untreated early PMR patients (median age 67 years old, range 55-79 years old), 13 males and 7 females, participating in a proof of concept study: the TENOR study (registered on Clinicaltrials.gov NCT01713842) at Brest and Nantes University Hospital, France, were included in this study. Inclusion and exclusion criteria have been described previously [2].

Tocilizumab was given as three 8 mg/kg intravenous infusions in monotherapy, at baseline and then at week (W) 4 and at W8. From W12 to W24, patients received low-dose prednisone (0.15 mg/kg/day with predefined tapering). Disease activity was measured by determining the PMR activity score (PMR-AS) [15,16]. Blood samples were collected at inclusion and before 1st tocilizumab infusion (W0), at W12 (under tocilizumab infusions only) and at W24 (under steroids). Samples for the TENOR study were collected in a referenced biocollection (Eudra-CT 2011-002730-39) and matched controls (median age 66 years old, range 55-79 years old;

63 males and 34 females) were obtained from a healthy Caucasian cohort (CHU Liege, Belgium) with normal calcium, phosphates, intact PTH (parathyroid hormone), and an estimated glomerular filtration rate >60 ml/min/1.73m2. Blood samples were collected from overnight fasting. Plasma was then extracted and frozen at -80°C. Informed consent was obtained from all participants in accordance with the ethical committees and the study complied with the World Medical Association Declaration of Helsinki.

Automated assay and IL-6 measurement

The IDS-iSYS Automated Analyser (Immunodiagnostic Systems Limited, Pouilly-en-Auxois, France) was used to measure PINP, and CTX-I levels at each visit. IL-6 was quantified in 18/20 patients using the Human IL-6 ELISA Kit II (BD Biosciences, San Jose, CA, USA) according to the manufacturer's instructions. For IL-6, the detection limit threshold was 2.2 pg/mL.

Scanographic bone attenuation coefficient assessment

Patients included in Brest, in the TENOR study (17/20) underwent 18F-fluorodesoxyglucose Positron Emission Tomography coupled to Computed Tomography (18FDG-PET-CT) at inclusion and week 12 as it is performed in PMR protocols [17]. Scanographic bone attenuation coefficient (SBAC) was assessed as described by Pickhard et al. SBAC was measured as

Hounsfield unit (HU) on a single oval region of interest placed on an axial slice of the first lumbar vertebra (Figure S1). A 145 HU threshold was used to define patient with low bone mineralization and at higher risk of fracture [13].

Statistical analysis

Results are expressed as mean ± standard error of the mean (SEM), analyzed by using a nonparametric ANOVA test (Friedman's test) and a post-hoc Dunn's test was used for multiple comparisons. Correlations between continuous variables were calculated using the Spearman's rho test. P values under 0.05 were considered significant. Statistical analyses were performed using GraphPad Prism 7.0a (La Jolla, CA). I levels at basal level in healthy controls and PMR at W0. For Spearman's correlation rho (r) is indicated as well as p when significant (p<0.05).

Tocilizumab and bone turnover markers

To investigate whether tocilizumab as a first step and steroids as a second step, influence bone turnover markers, differences in PINP and CTX-I levels were tested at the time of the 1st treatment initiation (W0), after the 3rd tocilizumab infusion and before steroids were introduced (W12), and at the end of the protocol (W24). Higher levels of PINP were observed at W12 with a substantial decrease at W24 (p=0.0008 at W12 versus W0 and p<10-4 at W24 versus W12; Correlation between PINP and CTX-I levels at W12 and W24. For Spearman's correlation rho (r) is indicated as well as p when significant (p<0.05).

When considering CTX-I, differences were reported at the end of the protocol (p=0.001; Fig S5.1). But interestingly, bone formation markers (PINP) correlated with SBAC at inclusion and did not at week 12 whereas bone resorption (CTX-I) did not correlate with SBAC at inclusion and did at week 12 (Figure S5.2).

IL-6 responders

In response to IL-6 receptor blockade, IL-6 circulating levels significantly decreased at W12 in a subgroup of 9/18 (50%) PMR patients, which were referred as IL-6 responders (Fig 5 .3A).

Although not significant, there is a trend to have higher levels of CRP (whose production is stimulated by IL-6, Table V.II) and CTX-I (Fig 5 .3B) at basal level in the IL-6 responder subgroup. The role of IL-6 on bone homeostasis was further supported by the observation that IL-6 responders have elevated levels of PINP at W12 following tocilizumab treatment. In contrast, PMR-AS and ESR were not associated with IL-6 response. Altogether, this supports that controlling the IL-6 pathway in PMR with tocilizumab firstly improved bone formation and secondly reduces bone-resorption when patients were treated by steroids. 

DISCUSSION

We demonstrated that tocilizumab therapy and subsequent steroid introduction influences and restores the bone homeostasis markers PINP and CTX-I in patients with early PMR. During the first weeks of therapy and in response to tocilizumab introduction, disease activity is corrected and an increase in the bone osteo-formation marker PINP is observed. Differences in kinetics are also described as PINP decreased after tocilizumab replacement with steroids, while CTX-I reduction was delayed at the end of the protocol.

PINP is commonly recognized as reflective of bone formation [19]. The tight control of bone turnover, and its restoration as observed in this study, is essential for bone health and to prevent osteoporosis that is exacerbated in PMR [20]. The uncoupling of bone formation and bone resorption in bone turnover has been associated with osteoporosis and with bone events such as fractures [21][22][23]. Reference values have been defined for serum intact PINP [24] but no threshold has been defined to determine an effective or ineffective bone turnover rate. In studies evaluating the effect of teriparatidean analog of human parathormoneon bone formation markers an increase in PINP > 10 ng/ml is observed while not in patients treated with placebo [22]. In our study the PINP serum level increased from 39.5 ng/ml at W0 to 70.8 ng/ml at W12 suggesting an effect comparable to a 3-month treatment with teriparatide. After 12 weeks of tocilizumab therapy, patients were treated with corticosteroids. It is of great interest to note that corticosteroid therapy is associated with a decrease in PINP levels and a trend for decrease in CTX-I levels thus supporting a synergic action between tocilizumab and steroids in the control of the bone balance.

In PMR, data are scarce with regards to bone formation and resorption but a decrease in bone formation markers and an increase in bone resorption markers have been described in early untreated PMR [25]. On one hand, bone formation was evaluated by the PINP serum level and was decreased compared to healthy controls. Such a difference was not observed in our study using age and sex matched healthy controls, which may be explained in part by differences in the selection of the control groups. On the other hand, bone resorption markers used were urinary free pyridinoline and deoxypyridinoline and an increase in these markers was suggested to be induced by inflammation as reported by another group [1]. In our study the serum level of CTX-I was higher at baseline, when compared to healthy controls and subsequently the CTX-I levels were further decreased at the end of the treatment. Although, CTX-I changes were evaluated early at W12 and W24 in our study and bone markers evaluated after 6 months of prolonged corticosteroid therapy in Dolan's study, both studies have concluded that there is an effect of the therapy on bone resorption markers. The data available in rheumatoid arthritis (RA) patients are heterogeneous and with some parallels with regards to our report in PMR.

Indeed in RA, the use of tocilizumab was effective in decreasing the CTX-I serum level in several studies [26,27], PINP serum levels were either unmodified [27] or increased with tocilizumab therapy [26][27][28]. Baseline serum levels of CTX-I and PINP were concordant between studies and correspond to the concentrations measured in ours (0.3-0.4 ng/ml and 35-45 ng/ml respectively). The decrease of CTX-I in the studies performed in RA and not in our study could be explained by differences between patient selection and, in our study, we have selected an untreated and early PMR population. Indeed, it has been demonstrated that bone markers may fluctuate with disease evolution, treatment and activity [29]. Bone mineral density in RA was evaluated in a one-year prospective open study and was not modified by tocilizumab or corticosteroids therapy [28]. Authors concluded that, in RA, inflammation is a more important determinant for bone mineral density than treatment, even high dose of corticosteroids. Such a relation remains to be demonstrated in PMR. Moreover, in RA patients, an association between the CTX-I/osteocalcin ratio and response to tocilizumab has been suggested [30]. We already reported an IL-6 serum responsive group in the TENOR study's patients [18], and now we provide new arguments supporting for this subgroup that IL-6 and 126 inflammation might block bone formation and increase bone resorption during PMR and that the IL-6 receptor targeted therapy releases this blockade as suggested in RA.

Dual X-rays absorptiometry was not available in the TENOR study. Nevertheless, patients underwent 18FDG-PET-CT. We were able to analyze bone mineral density using the scanographic bone attenuation coefficient (SBAC) as previously performed on conventional thoraco-abdomino-pelvic CT-scans. The SBAC values confirmed that a large majority of patients included in this pilot study were under the threshold of bone fragility (64.7 %). But among the 35.3% remaining, bone markers also suggest bone fragility and reinforce the idea to screen patients for osteoporosis and to treat them with more targeted therapy inhibiting the IL-6 axis. Thus, more options are mandatory for PMR treatment and we provide elements sustaining the use of tocilizumab in PMR.

The main limitation of our prospective study is related to the small statistical power given to the low population size. 

Part VI: The pharmacokinetic of tocilizumab in polymyalgia rheumatica

As discussed in the introduction, the pharmacokinetic of tocilizumab has mainly been described in RA. But no study reported the pharmacokinetic of tocilizumab in PMR so far. As tocilizumab is used in patients with GCA, studies might come about pharmacokinetic of tocilizumab in this disease, but so far, such analysis has not been reported.

To analyze tocilizumab pharmacokinetic, we had to quantify tocilizumab in the blood of patients and then to develop mathematical models. The laboratory of immunology in Brest has no specificity for targeted therapy quantification or for pharmacokinetic, so we decided to set a partnership up with the University of Tours.

In this partnership, our colleagues in Tours were in charge of the measurement of tocilizumab in the serum of the patients at four different times. Samples at inclusion, visit 2, visit 5, and The lack of concordance between the pharmacodynamic modelling of PMR-AS and the observed value might be related to a remanent effect of tocilizumab, even after its complete elimination. Moreover, the GC have not been incorporated in the modelling so far and as it influences the PMR-AS it probably influences also the pharmacodynamic modelling.

About CRP, it is well known by clinicians that CRP level is almost undetectable under tocilizumab therapy, independently from disease activity. In fact, it is a frequent problem for disease evaluation in daily practice for RA, but also for giant cell arteritis. For the pharmacodynamic modelling this strong and persistent decrease of the CRP, independently from tocilizumab concentrations, might limit the feasibility and the interest of such modelling.

On the other side, an adequate modelling on neutrophils has been achieved (figure 6.4). This For now, we were able to set up a modelling of the pharmacokinetic of tocilizumab in polymyalgia rheumatica and to establish a pharmacodynamic modelling of tocilizumab and neutrophils. The SEMAPHORE study will enable us to confirm these models in another cohort of patients with PMR. The long-standing use of GC might not influence the pharmacokinetic model, but it might influence the pharmacodynamic model and a careful checking of GC posology will be mandatory to try to extrapolate this modelling. Finally, the work on modelling pharmacodynamic is still ongoing and the addition of GC to the PMR-AS modelling is encouraging.

are at play. And if these mediators are not identified in the serum they can also be located in the peri-articular tissue. We also described the consequence of inflammation on the bone homeostasis and confirmed the increase of bone resorption and its association to the level of IL-6. Considering that we had no evaluation of bone mineral density by dual X-ray absorptiometry, we used an innovant score to evaluate the bone mineral density in the patients from the TENOR protocol. This evaluation confirmed that some patients did not have a decrease of bone mineral density despite the increase of bone resorption. So, we can wonder if new techniques might be useful to evaluate bone fragility in daily practice. If we confirmed the link between inflammation, IL-6 on the one hand, and blood cell count, gammaglobulins and bone resorption on the other hand, the link between IL-6 and lymphocytes is still uncertain.

Because B cells increased significantly in patients with a decrease of IL-6, after tocilizumab therapy, compared to patients without a decrease of IL-6, we can hypothesize that there is a link between inflammation and lymphocytes subsets. But the nature of this link has to be defined.

Moreover, the precise role of lymphocytes subsets in the pathogenesis has to be clarified.

Considering the low number of studies, it is difficult to integrate these results in a larger picture of the disease pathophysiology. That is why it is crucial to continue fundamental and translational research in the field of PMR. Moreover, to be able to better understand these observations in the peripheral blood, data about the inflammatory infiltrate in the tissue will be mandatory.

If we compare our results in patients with untreated, early PMR and in patients with a longstanding disease and a dependence to GC, we observe some differences. A direct, statistical comparison is not possibleand we will discuss it belowbut the global repartition can be placed next to each other. The decrease of B cells is no more observed in patients with a dependence to GC, a decrease in T cellsbut without a large decrease of some T cell subsets is present. Some clinical data are still lacking to try to determine if these changes or caused by GC or are part of the mechanisms leading to a resistance to GC. It is probable that, even with these data, more mechanistic studies will be needed to answer this question and the lack of cellular material prevented us to perform such studies. We also studied the expression of CD126 on granulocytes, monocytes and lymphocytes. CD126 is highly expressed on CD4 + T cells and especially on Treg. This result is concordant with a previous description of the expression of CD126 (164,165). This is of great interest in the context of the disease pathophysiology and the previous description of the increase of Th17/Treg ratio [START_REF] Samson | Th1 and Th17 lymphocytes expressing CD161 are implicated in giant cell arteritis and polymyalgia rheumatica pathogenesis[END_REF]. As the antigen recognized by tocilizumab, CD126 can be considered as a target. The effect of tocilizumab binding on Treg has not been reported yet and mechanical studies would also be mandatory to dissect this interaction. Moreover, with the ALORS protocol, it would be interesting to analyze the expression of CD126 at the beginning of the disease.

On the one side, working based on clinical trial prevented us to work with isolated cellular material and may limit some experimentation. But on the other side, it enabled us to work on the effect of tocilizumab in PMR, data that have never been published elsewhere. We observed the great "anti-inflammatory" effect of tocilizumab, correcting very fast the markers of inflammation and improving bone turnover. As we discussed, the evolution of IL-6 under tocilizumab therapy revealed new questions about the role of other inflammatory cytokines.

But we have to consider that every patient did respond to the tocilizumab therapy in the TENOR trial. So, even if the IL-6 was low at inclusion, tocilizumab therapy was an effective treatment.

Maybe, in the SEMAPHORE study, the response will not be so homogeneous and will enable us to compare responders and non-responders. Finally, we are building the first modelling of tocilizumab pharmacology in PMR. It is difficult to examine the extrinsic validity of these models for no previous publication in PMR is available. But if we compared to studies in RA, our models seem coherent with those previously reported. The intrinsic validity of our models seems also adequate. The mathematical modelling used are well known, have been described many times, and the indicators of error prediction are very good. But a validation in another cohort will be of great interest to confirm these modellings.

Part VIII: Conclusion and perspectives

Conclusion

In conclusion, we observed a strong inflammation, mediated by IL-6 and with consequences on neutrophils, platelets, hemoglobin and gammaglobulins, in early PMR. Despite the perturbation of B cell homeostasis in early untreated PMR, we found no evidence of auto-immunity, screening a large panel of currently known anti-antibodies, leaving an unanswered question: are B cells culprits or victims in PMR? We also confirmed the increase of bone resorption without an increase of bone formation in early untreated.

After tocilizumab therapy we observed a fast regression of all inflammatory markers, but with two different groups of patients when it comes of the evolution of IL-6, suggesting different pathophysiological pathways. We set up a pharmacokinetic model for tocilizumab and started pharmacodynamic modelling with promising results for the neutrophils. We identify a potential predictor of response to tocilizumab, easy to use and currently performed in daily practice.

Finally, in PMR patients with a dependence to GC, we identified different immunological abnormalities, with an increase in granulocytes, a decrease of intermediary monocytes, an increase of doble negative B cells, suggesting different mechanism for GC resistance of an effect of prolonged immunosuppressive therapy. We also identified Treg as a potential target for tocilizumab therapy, considering the high expression of CD126, the IL-6R.

All these findings are leading to more questions and more projects around PMR pathophysiology and treatment.

Then, new protocols are currently recruiting and will begin in the next months. The ALORS protocol has already begun. It evaluates the abatacept in patients with early untreated PMR.

Inclusion criteria are very close from those of the TENOR protocol. But, contrary to the TENOR protocol, this is a placebo-controlled trial with two arms. Cytometry analysis is also planned for the patients included in the ALORS study. The panels used for the cytometry analysis are the B cell CD126 Duraclone® tube and the T cell CD126 Duraclone® tube. Using these tubes, our objective was to be able to compare patients with early untreated PMR and patients with a long-standing disease and a dependence to GC. Using the sample panels will enable a direct comparison.

Indeed, in the TENOR study, we also analyzed some B cells subset using comparable gating strategy. But, the coupling of the cytometry antibodies was not the same and we did not exclude the plasmablasts and the transitional B cells like we did in the SEMAPHORE study. Though it is possible to appreciate the global repartition of B cell subsets and their evolutions in both protocols, a proper comparison cannot be performed.

In the last years, markers associated to vascular involvement in PMR and markers predictive of poor response to GC have been identified (166). It would be of great interest to analyze these markers in the different protocols (TENOR, SEMAPHORE, ALORS and more to come), to try to identify prognostic markers for each molecule (tocilizumab, abatacept, JAK inhibitor …).

Finally, during the past years working on PMR, many questions have raised from our results.

Two questions are very important to us. The first one is the pathophysiological mechanism in the periarticular tissue and the second one is the link between aging and the development of PMR.

We discussed in this manuscript the importance of the analysis of the peri-articular tissue. We hypothesize that the mechanisms at play in the tissue will be different from those observed in the blood. In many other inflammatory and auto-immune diseases, the observations in the tissues and in the blood were not the same. So, it is of major importance to confirm or to infirm this hypothesis. To do so, we set up the "Beyond Analysis Of Blood sample, to Approach immunopathology of polymyalgia rheumatica on shoulder bursae's Biopsies" BAOBAB study.

Our first objective will be to compare the biopsies of early untreated PMR patients and the biopsies of mechanical controls, sampled during an orthopedic shoulder surgery. Our second objective will be to compare the same markers in the peripheral blood of PMR patients and in the shoulder bursae of PMR patients. The feasibility analysis has been performed. The protocol is currently reviewed by the ethics committee and a MsC student has been recruited to start the technical set up and the analysis of the slides starting from January 2021. Moreover, the tissue being a precious and hard to get biological material, collaborations will enable the multiplication of possible analysis.

Aging of the immune system is more and more characterized. The progressive loss of immune memory has been incriminated to explain the higher rate of infections in the elderly population.

But more precise data have been published in the recent years. For example, if we focus on B cellas it is the specificity of the INSERM unit LBAIseveral markers of aging have been reported. We can cite the low expression of CD21 coupled to a high expression of CD19 leading to more pro-inflammatory properties. We can also cite the expression of CD11b and CD11cmarkers of monocyteson B cells, or the expression of CD95. In order to start research in this field we planned some analysis of these markers in the BAOBAB study.

As any project, new questions came with new results. These works were the firsts steps of the translational research on PMR in Brest, in parallel to an active clinical research. Many new paths can now be explored. 

Annex III: Résumé substantiel en français

Conclusion :

Au cours de ces travaux de thèses nous avons étudié les perturbations immunologiques et du remodelage osseux au cours de la PPR débutante et de la PPR dépendante des corticoïdes, fortement liées à l'inflammation et de l'augmentation de l'IL-6. Nous avons confirmé quelques données déjà décrites et observer de nouvelles perturbations.

Nous avons également observé l'évolution de ces perturbations sous tocilizumab, un traitement ciblant le récepteur de l'IL-6. Ces observations n'ont jamais été faites jusque-là en tendent à confirmer l'importance de cette cytokine dans la physiopathologie de la maladie, mais aussi de son probable rôle direct dans les perturbations que nous avons observé. Un travail plus mécanistique, rendu impossible par l'absence de matériel cellulaire, pourrait permettre de confirmer ces liens. In this thesis, we report some elements for PMR pathophysiology (increased IL-6, decreased B cells, large consequences of inflammation, no auto-antibody signature) and their connections to each other. We try to determine the abnormalities in patients resistant to glucocorticoids and prognostic factors to an innovative treatment: an anti-interleukin-6 receptor antibody, tocilizumab. We studied the effect of tocilizumab on the immunological manifestations observed in PMR patients. We also studied bone remodeling and its evolution under therapy in PMR and we developed a modelling for pharmacokinetic and pharmacodynamic of tocilizumab. New leads for research are suggested, for example the characterization of the immune infiltration in the shoulder of PMR patients.
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 26 -174 allele C) (41) PMR: polymyalgia rheumatica; HLA: human leukocyte antigen; CCR: chemokine-C receptor; ICAM: intercellular adhesion molecule; IFN: interferon; RANTES: regulated on activation, normal T cell expressed and secreted; TLR: toll-like receptor; IL: interleukinThese results suggest the role of the genetic predisposition in order to activate the immune system and to produce inflammatory cytokines as it has been described in autoimmune diseases (RA) or vasculitis (GCA). From the immune system stimulation by antigen presentation (through HLA), to cytokine production (IL-6, TNFα, IL-1) passing by cell adhesion and recruitment (RANTES, ICAM-1), several actors might be involved. Nevertheless, polymorphism of others actors that might seem important (IL-10, IFNγ, CCR5) were not associated with PMR though IL-10 and IFNγ polymorphisms have been discussed in GCA.
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 11 Figure 1.1: Location of the main populations studied for genetic association in Polymyalgia rheumatica (PMR). Green boxes indicate a positive association between alleles and PMR or PMR manifestations. Red boxes indicate that no association was observed between PMR and the alleles studied.
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 1 Figure 1.2 is extracted form the discussion of the review about PMR pathophysiology and synthetize the key elements currently described in PMR.
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 12 Figure 1.2: Understanding of polymyalgia rheumatica's pathophysiology schematically

complex IL- 6 -

 6 IL-6R then recruit the glycoprotein (gp)130, a pleiotropic surface molecule, to form homodimers that initiate the signaling cascade via the Jak-STAT pathway. The other pathway is known as non-classical IL-6 "trans-signaling". It relies on the binding of IL-6 to the soluble IL-6R (sIL-6R). This sIL-6R is mainly obtained by the cleavage of the extra-cellular portion of the IL-6R by A Disintegrin And Metalloproteinase (ADAM) 10 and 17. The complex formed by IL-6 with the sIL-6R will bind the gp130 and induced trans-signaling even on cells that do not express the IL-6R. Figure1.3 presents these two signaling pathways.
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 136 Figure 1.3: Classical "cis-signaling" and non-classical "trans-signaling" pathways of IL-

  chains and the light chains of a human IgG1 kappa immunoglobulin with only small parts of murine sequence. These murine sequences correspond to the complementary-determining regions enabling the specificity for the IL-6R (figure 1.4). It is produced by DNA recombinant technology.
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 14 Figure 1.4: Schematic representation of tocilizumab as a humanized monoclonal

  Tocilizumab has been approved by the regulatory committees for Castleman disease, since 2006 in Japan, for RA since 2008 in Japan, since 2009 in Europe and since 2010 in the United States of America, for systemic juvenile idiopathic arthritis since 2008 in Japan and since 2011 in Europe and in the United States of America, for polyarticular juvenile idiopathic arthritis since 2008 in Japan and since 2013 in Europe and in the United States of America, for giant cell arteritis since 2017 in Europe and in the United States of America, for adult-onset Still disease since 2019 in Japan and finally for cytokine release syndrome in CAR-T cell therapy since 2018 in Europe and since 2019 in Japan. Currently, tocilizumab is studied in many diseases including inflammatory disease. In the last months, tocilizumab has been in the spotlight for its possible efficacy in severe case of infection by the SARS-CoV2 (COrona VIrus Disease 19). The increasing understanding of mechanisms underlying the infection by the SARS-CoV2 led to the hypothesis of a cytokine storm triggered by the virus and leading to severe acute respiratory syndrome and extra-pulmonary complications (144). Studies suggest a beneficial effect for tocilizumab in the severe forms of COVID19 (145).Besides COVID19, the efficacy of tocilizumab is studied in vasculitis (Takayasu arteritis) in inflammatory conditions (uveitis, Behçet associated uveitis, familial Mediterranean fever, Schnitzler syndrome, dermatomyositis, polymyositis, relapsing polychondritis). But, considering the pleiotropic role of IL-6, many other diseases might benefit from the inhibition of IL-6 signaling. Several trials are currently recruiting in organ-specific autoimmune diseases such as type I diabetes, Grave's ophtalmopathy, neuromyelitis optica.Considering the many roles of IL-6, tocilizumab is currently evaluated in many other diseases, from oncology (pancreatic cancer, hepatocarcinoma, breast cancer, recurrent ovarian cancer), association to check-point inhibitors and graft versus host disease, to cardiovascular (myocardial infarction and pulmonary arterial hypertension) and rare bone diseases (fibrous dysplasia of bone).The development that is of great interest to us is in PMR. Tocilizumab has proved its efficacy in giant cell arteritis (146) and many patients with giant cell arteritis have associated PMR. It seems that tocilizumab was also effective on the PMR symptoms. Case series have been published, reporting the efficacy of tocilizumab in PMR patients (147) and the first open-label trial evaluating tocilizumab in early untreated PMR was conducted in Brest(8). Currently, two main randomized controlled studies are evaluating tocilizumab in PMR. The first one is a French national multicenter study evaluating the tocilizumab in GC-dependent patients, the SEMAPHORE study. The second one is conducted in Austria and evaluates the tocilizumab in early untreated PMR, the PMR-SPARE, study.

  Many enzymes are secreted to enable the dissolution of the bone mineral matrix. Many cytokines are able to stimulate bone resorption be the osteoclasts. IL-1, TNF α, MCS-F and IL-6 are among these cytokines. Many markers of bone resorption and bone formation have been studied. The N-terminal collagen type I extension propeptide (PINP) is a product obtained by the cleavage of type I procollagen to type I collagen and is a reflection of bone formation. The carboxy-terminal region of collagen type I (CTX-I) is a product obtained during the degradation of type I collagen and is a reflection of bone resorption (148).

  for the rheumatology department of the Brest's University Hospital since 2008 (159) and a first clinical trial, the TENOR trial was over. The TENOR study demonstrated that tocilizumab was effective in early polymyalgia rheumatica. In one hand, the progress about the physiopathology of PMR remained minor and in other hand, a better understanding of the consequence of blocking dramatically IL-6 was possible through the TENOR study. The immunology laboratory (Lymphocytes B et autoimmunité, UMR1227) had a strong expertise in lymphocyte subsets and particularly in B cell subset and regulatory B cells. Recent reports underlined the potential role of B cell in polymyalgia rheumatica and giant cell arteritis as we discussed above. So different questions came to mind: -To understand the pathophysiology of PMR through IL-6 blockade o Should we consider PMR as inflammatory or as auto-immune disease? o Has tocilizumab the same role in PMR dependent to GC? o What is the effect of tocilizumab on inflammatory markers in PMR patients? o Can we describe the pharmacology of tocilizumab in PMR? o Would tocilizumab impact bone turnover in PMR? -To characterize the cells of the immune system in PMR o Can we confirm the previous observations about disturbance of B cell homeostasis?
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 21 Figure 2.1: Whole blood count test in polymyalgia rheumatica patients. Leukocytes (A), neutrophils (B), haemoglobin (C) and platelets (D) were extracted from the whole blood of 18 PMR patients at each available visit and from sex-and age-matched healthy controls. Patients were treated with tocilizumab from V0 to V5 and with oral glucocorticoids from V5 to V8.
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 22 Figure 2.2: At inclusion, inflammatory markers correlate with interleukin-6 (IL-6).Correlations between leukocytes (A), neutrophils (B), haemoglobin (C) and platelets (D) on one side and interleukin-6 on the other side at inclusion for 18 PMR patients at inclusion.
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 23 Figure 2.3: Gamma globulins are increased in polymyalgia rheumatica (PMR) patients, but the autoantibody profile is not different from that of healthy controls. Gamma globulins (A) were extracted from standard biological evaluations of 18 PMR patients at each available visit and from sex-and age-matched healthy controls (HCs). Patients were treated with tocilizumab from V0 to V5 and with oral glucocorticoids from V5 to V8. Data are presented as the mean and standard error or the mean in red. A survival curve (B) was calculated
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 2S2 Figure 2S2: IgA, IgG and IgM decreased after tocilizumab therapy in polymyalgia rheumatic (PMR) patients. Immunoglobulin (Ig) A (B), IgG (C) and IgM (D) were extracted from standard biological evaluations of 18 PMR patients at each available visit. Patients were treated with tocilizumab from V0 to V5 and with oral glucocorticoids from V5 to V8. Data are presented as the mean and standard error or the mean in red.

  Tocilizumab pharmacology might be different in PMR and in RA and its understanding might help to adapt tocilizumab treatment for PMR patients. (part VI) -The evolution of IL-6 but also of lymphocytes under tocilizumab treatment is of great interest as these markers have been studied in PMR patients treated with GC. (Part III) Part III: Correction of Abnormal B Cell Subset Distribution by Interleukine-6 Receptor Blockade in Polymyalgia Rheumatica A prospective case-control study Carvajal Alegria Guillermo1-3; Devauchelle-Pensec Valérie1-2 MD, PhD; Renaudineau Yves2-3 PharmD; PhD;Saraux Alain1-2 MD, PhD; Pers Jacques-Olivier2 DDS, PhD; and Cornec Divi1-2 MD, PhD 1Rheumatology department, CHRU Cavale Blanche,Brest, France 2INSERM UMR 1227 « Lymphocytes B et Autoimmunité », Université de Bretagne Occidentale, Brest, France 3Laboratory of immunology and immunotherapy, CHRU Morvan, Brest, France Key words: Polymyalgia rheumatica. Tocilizumab. B cells. Cytokines. Interleukin-6.
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 31 Figure 3.1: B cell lymphopenia and B cell subset distribution abnormalities in patients
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 32 Figure 3.2: Serum interleukin-6 concentration is elevated in patients with polymyalgia
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 4 1 presents the global proceedings of the study.
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 41 Figure 4.1: Global proceedings of the SEMAPHORE study. D: day; W: week

  2). Due to the distance, the delay between blood sampling and the receipt of the sample in the immunology laboratory in Brest was variable.Samples from Brest or Morlaix (near from Brest) were received the same day. But, at the opposite, some samples arrived 10 days after sampling. We received the samples for 84 patients at inclusion. And the flow chart of the samples usable is presented in figure 4.3. Unfortunately, due to the SARS-CoV2 pandemic situation, data managing in each center was delayed and clinical characteristics of patients are not available yet.
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 4243 Figure 4.2: Repartition of the 17 centers of the SEMAPHORE study in France
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 44 Figure 4.4: Analysis of alive cells depending on the delay of delivery. Blood samples were stained the day of the sampling (A, C, E) and 48 hours after sampling (B, D, F). Staining protocol and gating strategy were similar. The percentage of alive cells
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 45 Figure 4.5: Granulocytes are decreased in patients with cortico-dependent PMR
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 46 Figure 4.6: The decrease of monocytes in patients with cortico-dependent PMR is
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 47 Figure 4.7: Senescent B cells are decreased in patients with PMR resistant to

Figure 4 . 8 :

 48 Figure 4.8: CD21 low B cells are similar in PMR patients and HC. Fresh whole blood was washed twice with PBS and then stained in B cell CD126 Duraclone® tube and incubated 15 minutes before red cells lysis. Panel A represents the gating strategy. Panel B represents the percentage of CD21 low B cells in 38 PMR patients and 7 HC.
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 49 Figure 4.9: CD3 + T cells are increased in PMR patients but without modification of the

  due to the lack of correlation between PINP and CTX-I as observed in healthy controls (Fig5.1C/D). Bone biomarkers (resorption and formation) are well correlated in healthy controlsand fairly in PMR reflecting more an altered balance between osteo-formation and osteoresorption in this inflammatory disease.
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 51 Figure 5.1: Serum markers of bone-formation and bone-resorption. A: PINP (N-terminal collagen type I extension propeptide) levels in 20 untreated patients with polymyalgia rheumatic (PMR) at week (W) 0 and in 97 healthy controls. B: CTX-I (C-terminal cross-linking telopeptide of type I collagen) levels. C/D: Correlation between PINP and CTX-
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 5 Fig 5.2A).
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 52 Figure 5.2: Analysis of bone turnover markers in patients with polymyalgia rheumatic

5 .

 5 2B). Compared to W0, PINP and CTX-I at W12 were strongly correlated reflecting a more normal bone homeostasis obtained under tocilizumab (r=0.760, p<10-4; Fig 2C) and this correlation was still preserved at W24 (r=0.760, p<10-4; Fig 5.2D). Tocilizumab did not modify SBAC at week 12 (Table
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 53 Figure 5.3: IL-6 response and bone turnover markers. A: Serum IL-6 levels in patients at baseline (W0) and at W12 following tocilizumab introduction defines responders (R) from non-responders (NR). B: PINP (N-terminal collagen type I extension propeptide) levels at W0, W12 and W24 according to the IL-6 response subgroup. C: CTX-I (C-terminal cross-linking telopeptide of type I collagen) levels. For statistics p is indicated when significant (p<0.05).
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 1 Figure S5.1: Definition of the region of interest for the scanographic bone attenuation

visit 8

 8 were sent to Tours. They were also in charge of the development of the mathematical modelling of pharmacokinetic and pharmacodynamic with our assistance to integrate clinical or biological data into the modelling. This work is still ongoing. Here, we present the current available data on the pharmacokinetic model established and the first research for pharmacodynamic.

  model has been obtained using a previously known model of three transit compartment call the Friberg model. This model has been initially developed to analyze the evolution of the hematopoietic cell lineage under chemotherapies in hematological malignancies. This model suits to the analysis of neutrophils for it implies a proliferation compartment simulating selfrenewing of the population analyzed. Moreover, the compartments of transit used in addition to the circulatory compartment can have a proper kinetic of evolution. Considering that neutrophils are hematopoietic cells, the good results obtained in modelling the pharmacodynamic are consistent beyond the analysis of the prediction distribution error.
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 64 Figure 6.4: Pharmacodynamic modelling of tocilizumab and neutrophils in patients with

  A l'inclusion, on observait une diminution des LB, sans diminution des LT ou des lymphocytes NK. Cette diminution des LB aurait pu être liée à une diminution homogène de toutes les souspopulations de LB. Toutefois, en analysant les sous-populations de LB, nous avons observé une diminution des LB naïfs, transitionnels et mémoires commutés, sans diminution des autres populations, en comparaison à des témoins sains. Cette diminution des LB pourrait être liée à l'inflammation ou être un mécanisme physiopathologique de la maladie. Néanmoins, nous avons observé une corrélation positive entre le taux de LB et l'activité de la maladie, ce qui irait plutôt à l'encontre d'une simple conséquence de l'inflammation.Pour cette troisième étude, qui a été retardée par la pandémie COVID19, nous nous sommes appuyés sur les prélèvements réalisés au cours du protocole SEMAPHORE. Toutes les analyses prévues au cours de cette étude n'ont pas pu être réalisées du fait de plusieurs obstacles.Le premier obstacle a été la gestion du délai d'acheminement des échantillons. En effet, les patients ont été inclus dans 17 centres en France. Les analyses de cytométrie ont été prévues sur du sang frais, ce qui implique une prise en charge technique rapide de ces prélèvements.Malheureusement, les délais de livraison des échantillons dépassaient régulièrement les 72 heures en fonction des villes de départ. Au-delà d'un délai, la mortalité cellulaire augmente et empêche une analyse correcte des populations cellulaire.Nous avons effectué des analyses sur la survie des cellules. Une première analyse a été faite sur du sang prélevé le jour même. Les marquages prévus ont été réalisés quelques heures après le prélèvement, puis ont été répétés toutes les 24 heures pendant 3 jours. Au-delà de 48 heures après le prélèvement, l'aspect des populations cellulaires était très modifié, en particulier pour les populations les plus fragiles (monocytes, plasmocytes). Nous avons ensuite comparé la mortalité cellulaire et les répartitions des populations cellulaires au sein des échantillons déjà reçus et analysés. La mortalité cellulaire augmentait nettement après 48h et les populations les plus fragiles étaient presque indétectables quand la mortalité cellulaire excédait 20%. Nous avons donc décidé de limiter l'analyse des échantillons à ceux ayant une survie cellulaire supérieure à 80%.Le second obstacle majeur est plus global et a eu des conséquences bien plus terribles que le retard imposé à l'analyse des données de SEMAPHORE. Le confinement imposé par la pandémie due au coronavirus a mis en pause l'activité de recherche au laboratoire et le traitement de prélèvements pendant plusieurs mois. Les plans de reprise de l'activité et l'impossibilité de recruter des témoins pour comparer aux patients inclus dans le protocole nous ont également fait prendre du retard. De plus, même si tous les patients ont terminé le suivi au sein de l'étude, les contrôles de qualité nécessaires avant de geler la base de données et de pouvoir l'exploiter ont été très retardés. A l'heure actuelle, tous les contrôles sur site n'ont pas pu être fait. Ces données seront peut-être disponibles d'ici la fin de l'année 2020 ou le début de l'année 2021.A titre personnel, le changement de pratique clinique pour pouvoir accueillir les patients infectés par le coronavirus, puis la reprise des activités hospitalières de rhumatologie pendant l'été 2020 m'ont tenu éloigné du laboratoire pendant environ 6 mois.Malgré ces revers, nous avons pu commencer l'analyse des données disponibles, à savoir les données de cytométrie au moment de l'inclusion, sans pour autant connaitre les caractéristiques cliniques des patients.Cette analyse a montré que les patients atteints de PPR cortico-dépendante (donc évoluant depuis plusieurs mois ou années et recevant au moins 10 mg d'équivalent prednisone par jour, sans pouvoir descendre sous cette dose), en comparaison à des témoins sains (de même âge), avaient un peu plus de LT (sans qu'une sous-population particulière soit augmentée) et un peu moins de LT CD4 + mémoire centrale, un taux de LB comparable, mais une augmentation de la population double négative, enfin, une diminution des monocytes intermédiaires.Nous avons également analysé l'expression du récepteur de l'IL-6, le CD126, cible du tocilizumab, à la surface des population cellulaires. Les monocytes et les granulocytes expriment fortement le CD126, ce qui était déjà connu. Les LB, en revanche, expriment très peu le CD126 et cette expression est homogène au sein des différentes sous-populations étudiées. Quant aux LT, les LT CD4 + expriment plutôt fortement le CD126 alors que les LT CD8 + l'expriment assez peu. Les LT régulateurs, quant à eux, expriment fortement le CD126.Nous attendons donc de savoir quels patients reçoivent le tocilizumab et quels patients reçoivent le placebo pour voir si cette forte expression du CD126 peut influencer l'évolution de ces souspopulations sous tocilizumab.Le tocilizumab corrige les anomalies de remodelage osseux observées dans la PPR :Pour cette étude, actuellement entre les mains des éditeurs de la revue Joint Bone Spine (avec nos réponses aux commentaires des premiers relecteurs), nous avons à nouveau utilisé les données du protocole TENOR pour répondre à une autre question.Quelques études avaient déjà décrit une augmentation de la résorption osseuse chez les patients atteints de PPR. Nous avons également observé une telle augmentation via le dosage du CTX-I, un peptide de dégradation du collagène de type I, constituant de la matrice extra-cellulaire osseuse. En revanche, la formation osseuse ne semblait pas diminuée, en comparaison, toujours, à des témoins sains du même âge.Nous souhaitions associer ces marqueurs de remodelage osseux à une mesure de la densité minérale osseuse. Toutefois, la mesure habituelle, par absorptiomètre biphotonique aux rayons X, n'avait pas été réalisée. En revanche, un 18FDG-TEP-CT a été réalisé au début du protocole, puis répété deux fois au cours du suivi. Grâce aux images de scanner de ces examens, nous avons pu mesurer la densité osseuse en unité Hounsfield, selon un score (le scanographic bone attenuation coefficient), déjà utilisé dans de nombreux articles. Ce score permet de définir un groupe de patients à risque de fracture. Toutefois, il n'y avait pas de différence entre le groupe de patient à risque de fracture et l'autre groupe quand nous analysions la résorption et la formation osseuse.Après traitement par tocilizumab, la résorption osseuse diminuait et la formation osseuse augmentait. Une fois que le traitement par corticoïdes était mis en place, la formation osseuse diminuait à nouveau. Le blocage de l'IL-6 par le tocilizumab a donc permis une restauration de l'équilibre entre la formation et la résorption osseuse, qui pourrait être compromise par un traitement par corticoïdes prolongé qui est connu pour diminuer la formation osseuse.De plus, les patients ayant des taux plus élevés d'IL-6 au départ, avec une diminution significative sous tocilizumab, avaient une augmentation plus importante de la formation osseuse, ce qui suggère un rôle de l'IL-6 dans le blocage de la formation osseuse ou un rôle direct du tocilizumab sur les ostéoblastes, ce qui n'a pour l'instant jamais été étudié.Modélisation pharmacocinétique et pharmacodynamique de tocilizumab dans la PPR débutante :Pour cette dernière étude, nous avons mis en place une collaboration avec l'université et le centre hospitalier de Tours afin de profiter de leur expertise dans le domaine de la pharmacologie des biomédicaments. Grâce au sérum conservé dans le protocole TENOR, un dosage du tocilizumab à quatre visites différentes a pu être réalisé à Tours. Le dosage des anticorps thérapeutiques n'est pas réalisé en pratique courante en France, contrairement à d'autres pays, comme aux Pays-Bas. Grâce à la mise au point d'un ELISA permettant de doser le tocilizumab, nous avons donc pu envisager la construction de modèles pharmacologiques. Le premier modèle à mettre en place était la pharmacocinétique du médicament. L'utilisation d'un modèle pharmacocinétique simple et maitrisé, un modèle unicompartimental, reposant sur l'équation de Michaelis-Menten, a permis d'obtenir une modélisation tout à fait concordante avec les taux de tocilizumab observées chez les patients. Ce modèle est robuste de par sa large utilisation dans d'autres modélisations et de par les valeurs prédites très proches des valeurs observées.La seconde approche, pharmacodynamique, était de modéliser l'effet du tocilizumab sur des facteurs biologiques ou cliniques. La modélisation la plus aboutie est celle entre le tocilizumab et les polynucléaires neutrophiles. Grâce à un modèle à trois compartiments, le modèle de Friberg, déjà utilisé pour modéliser l'effet des chimiothérapies sur les lignées hématologiques, ce modèle permet, lui aussi, d'avoir des prédictions très proches des valeurs observées. Des essais de modélisation de l'effet du tocilizumab sur la CRP et sur le score d'activité de la PPR, le DAS-PPR, ont été faits. La modélisation de l'effet du tocilizumab sur la CRP est rendu difficile par la diminution drastique et prolongée de la CRP, indétectable, dès le début du traitement par tocilizumab. La modélisation de l'effet du tocilizumab sur le DAS-PPR reste à améliorer. Toutefois, le traitement par corticoïdes dans la seconde partie de l'étude, n'avait pas été pris en compte et l'ajout de cette variable pourrait permettre d'améliorer ce modèle.

Enfin, nous avons

  modéliser la pharmacocinétique du tocilizumab et son effet pharmacocinétique sur les polynucléaires neutrophiles, ce qui n'avait jamais été fait jusqu'alors dans la PPR.Quelques analyses ont été retardée par la pandémie à coronavirus. Des nouvelles pistes pour poursuivre ce travail sont d'ores et déjà identifiée, comme la comparaison directe de patients entrant dans la maladie et de patients avec une maladie évoluée grâce à l'utilisation des mêmes techniques de cytométrie ou encore l'analyse de l'effet d'un traitement inhibant l'activation des LT, l'abatacept, chez des patients atteints de PPR, sur ces perturbations immunologiques et du remodelage osseux.Enfin, comme pour la plupart des précédentes études dans la PPR nous avons surtout analysé des marqueurs sanguins. Nous souhaitons maintenant étudier ces phénomènes dans les tissus cibles de la maladie. Le protocole BAOBAB, en cours de mise en place, va nous permettre de poursuivre dans cette voie. Titre : Mode d'action et pharmacologie des thérapies ciblées dans les maladies inflammatoires et auto-immunes, exemple du tocilizumab dans la pseudo-polyarthrite rhizomélique. Mots clés : pseudo-polyarthrite rhizomélique, inflammation, interleukine-6, tocilizumab, remodelage osseux Résumé : La pseudo-polyarthrite rhizomélique, rhumatisme inflammatoire du sujet de plus de 50 ans, parfois associé à une vascularite (l'artérite à cellules géantes). Elle est caractérisée par une forte inflammation et une réponse rapide aux corticoïdes. La physiopathologie de la maladie est mal connue. Une prédisposition chez les patients porteurs de certains allèles génétiques, un taux élevé d'interleukine-6 (IL-6) dans le sang, une diminution des lymphocytes B et une activation des lymphocytes T font partie des quelques éléments identifiés. L'inflammation est aussi responsable d'une altération du remodelage osseux qui peut entrainer des fractures responsables d'une mortalité et d'une morbidité importantes. Dans cette thèse nous rapportons des éléments de physiopathologie (augmentation de l'IL-6, diminution des lymphocytes B, conséquences de l'inflammation, absence de signature autoanticorps) et leurs connexions. Nous avons également cherché à déterminer les anomalies présentes chez les patients avec un maladie résistante aux corticoïdes, des facteurs pronostiques de réponse au tocilizumab (un anticorps anti-recepteur de l'IL-6) et son effet sur ces anomalies. Enfin nous avons analysé le remodelage osseux et son évolution sous traitement et mis en place une modélisation pharmacocinétique et pharmacodynamique du tocilizumab. Ce travail de thèse ouvre de nouvelles perspectives de recherche, entre autres sur l'immunologie au sein du tissu péri-articulaire. Title: Biotherapies' mode of action and pharmacology in inflammatory and autoimmune diseases: Tocilizumab and Polymyalgia Rheumatica Keywords: Polymyalgia rheumatica, inflammation, interleukin-6, tocilizumab, bone turnover Abstract: Polymyalgia rheumatica (PMR) is an inflammatory rheumatism affecting people over 50 years of age. Polymyalgia rheumatica is sometimes associated with giant cell arteritis. Strong inflammation and a quick response to glucocorticoids are common marks of the disease. PMR pathophysiology is poorly understood. Genetic predisposition, high levels of interleukin-6 (IL-6) in the serum, a decrease of B cell and an activation of T cells are the main elements identified. Bone turnover is affected by the strong inflammation and is responsible for fracture with high mortality and morbidity.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table I .II: Main studies about lymphocyte subsets in polymyalgia rheumatica since 2008

 I 

	Year, Main	Number of	Markers	Observations	Population
	author 2008, Shimojima et al. (69) 2010 Dejaco et al.(70) 2012 Samson et al.(71) 2013 Dejaco et al.(74)	patients 14 PMR 38 PMR/GCA 12 PMR 78 PMR	CD4, CD8, CD23, CD25, HLA-DR, CD80, CD86, CD3, CD19, IL-4, INFγ CD3, CD4, CD7, CD8, CD25, CD28, CD45RA, CD45RO CD4, CD161, Cd45RA, IL-17A, TNFα, CCR6, CD25, FoxP3 CD3, CD4, CD8, CD28, NKG2D, TNFα, INFγ, IL-4, IL-10	↓CD8 + CD25 + ↑CD4 + IFN-γ + IL-4 -↑CD8 + IFN-γ + IL-4 -↑CD4 + TNFα + ↑CD3 + CD4 + CD28 -↓CD28 + CD45RA + CD8 + ↑CD3 + CD28 -CD4 + ↑CD3 + CD28 -CD8 + ↓CD4 + CD25 high FoxP3 + ↑CD4 + IL-17 + IFNγ -↑CD4 + IL-17 + IFNγ + ↓CD4 + IL-17 -IFNγ + ↑CD8 + CD28 -↑CD4 + CD28 -↑NKG2D expressing T cells	compared Early rheumatoid arthritis Healthy controls Healthy controls Healthy controls
	2014 Van	18 PMR	CD19, CD24,		
	der Geest et		CD27, CD38, IgD,		
	al.(75)		IgM, Ki-67, Bcl-2		

case-control longitudinal study on immunological parameters

  

	Guillermo CARVAJAL ALEGRIA1,2, MD,MsC, Divi CORNEC1,2 MD,PhD, Yves
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TO RHEUMATOLOGY AND THERAPY ABSTRACT:

  

	Objective: It is unclear whether polymyalgia rheumatica (PMR) should be considered an
	inflammatory disease or an autoimmune disease.
	Methods: Eighteen untreated early PMR patients and 18 sex-and age-matched healthy controls
	(HCs) were included. Leukocytes, neutrophils, platelets, haemoglobin, γ-globulins, IgG, IgA,
	and IgM were compared between the PMR patients and HCs before and after tocilizumab
	treatment in the PMR group.
	Results: The mean age was 68±7 and 66±11 years, and the mean serum C-reactive protein level
	was 82±16 and 5±2 mg/l for PMR patients and HCs, respectively. At inclusion, leukocytes
	(p<0.0001), neutrophils (p<0.0001), and platelets (p<0.0001) were increased and haemoglobin

(p<0.0001) decreased in the PMR group compared to the HC group. After tocilizumab therapy, leukocytes, neutrophils and platelets decreased, and haemoglobin increased. At inclusion, all four parameters were significantly associated with the serum IL-6 level, though it was not associated after tocilizumab therapy. Levels of γ-globulin were increased in the PMR patients compared to HCs (p=0.0087), and PMR patients with γ-globulins levels over 11 g/l at inclusion responded more quickly to tocilizumab therapy. Autoantibody profiles did not differ between the PMR patients and HCs.

Conclusion: This study suggests that PMR is more an inflammatory disease than an autoimmune disease. Tocilizumab improves all markers of inflammation. Patients with elevated γ-globulins respond more quickly to tocilizumab.

  the HCs and PMR patients at each available visit. The correlation between IL-6 and leukocytes, neutrophils, platelets or haemoglobin was examined at V0 and V5. Next, the level of γ-globulin in the serum of the HCs and PMR patients at each available visit was compared, and IgA, IgG and IgM levels in the serum of the PMR patients were compared between V0 and V5. The Kruskal-Wallis nonparametric test was used to compare the PMR patients and HCs when more than two variables were considered. The paired Wilcoxon test was employed to compare the PMR patients over time. The Spearman correlation test was applied for correlations. The profile likelihood method using a log-rank (Mantel-Cox) regression model to compare the time for

PMR-AS response was used in univariate analysis to determine the optimal threshold, and the patients were stratified into two groups with a Kaplan-Meier survival curve. RStudio® was used for heatmap analysis with reordering of both rows and columns and dendrogram construction. P<0.05 was considered statistically significant. Statistical analyses were performed using GraphPad Prism® software v6.05 (GraphPad Software, La Jolla, CA, USA) and RStudio® v1.2.5042 (2009-2020 RStudio, Inc.) for Windows.

  the mean C-reactive protein level in the serum was 82±16 and 5±2 mg/l for the PMR patients and HCs, respectively. At inclusion, leukocytes were significantly increased in the

	PMR patients (9.5±0.8G/l) compared to HC (7.1±0.4G/l) (figure 2.1A), as were neutrophils

(respectively 6.8±0.7G/l and 4.3±0.4G/l, figure 2.1B). In contrast, γ-globulin was slightly decreased in the PMR patients (12.3±0.3g/dl) compared to HCs (12.8±0.4g/dl) (figure 2.1C).

Compared to the HCs (278±92G/l), platelets were also increased in the PMR patients (388±33G/l) at inclusion (figure 2.1D). After only one infusion of tocilizumab, at V3, leukocytes decreased to 6.0±0.6 G/l, neutrophils decreased to 3.0±0.4, haemoglobin increased to 13.4±0.2 g/dl, and platelets decreased to 230±16 G/l (figure 2.1). Moreover, a slight increase in leukocytes (from 5.5±0.4G/l) and neutrophils (from 2.6±0.2G/l) was observed after the introduction of glucocorticoids (from V5 to V8). Platelets and haemoglobin were both stable during the time of glucocorticoid treatment (from 203±9G/l to 239±10.7g/l and from 14.2±0.1 g/dl to 13.8±0.2g/dl, respectively).

.I: Lymphocytes and lymphocyte subsets in patients at baseline and healthy controls

  

	Population (cells/mm 3 )	Patients	Healthy Controls	p value (Mann-Whitney test)
	Lymphocytes	1721±133	2047±186	0.18
	CD19 +	185±25	260±29	0.04
	CD24 + CD38 +	43±10	100±15	<0.01
	CD24 high CD38 high	2±1	6±2	<0.01
	IgD + CD27 -	116±17	168±17	0.02
	IgD + CD27 +	19±4	25±6	0.82
	IgD -CD27 +	25±4	47±8	0.04
	IgD + CD38 +	111±16	134±15	0.16
	IgD -CD38 low	36±7	69±12	0.04
	CD3 +	1267±97	1528±149	0.24
	CD4 +	882±64	990±104	0.69
	CD8 +	364±4	490±85	0.23
	CD3 + CD56 +	39±13	63±17	0.27
	CD3 -CD56 +	75±11	77±11	0.82
	CD16 + CD56 ++	8±2	8±3	0.73
	CD16 ++ CD56 +	50±10	49±9	0.99

Supplementary Table III.II: Lymphocytes and lymphocyte subsets in patients at baseline (week 0) then at weeks 2, 12, and 24.

  

						p value
	Population (cells/mm 3 )	Week 0	Week 2	Week 12	Week 24	(Wilcoxon's test, W0 vs.
						W12)
	Lymphocytes	1691±125	1962±129	1941±139 1938±108	0.04
	CD19 +	161±21	200±21	220±22	250±27	<0.01
	CD24 + CD38 +	40±10	47±12	53±8	70±15	0.14
	CD24 high CD38 high	2±1	3±2	5±1	1±0.3	0.01
	IgD + CD27 -	99±14	136±15	155±19	158±24	<0.01
	IgD + CD27 +	19±4	28±7	21±5	32±8	0.75
	IgD -CD27 +	24±4	29±5	34±6	40±5	0.02
	IgD + CD38 +	95±13	130±15	140±20	145±23	0.02
	IgD -CD38 low	32±7	33±6	46±7	48±6	0.01
	CD3 +	1272±98	1474±102	1461±106 1475±81	0.09
	CD4 +	907±73	1007±77	987±63	1057±82	0.19
	CD8 +	345±52	424±72	421±78	380±52	0.06
	CD3 + CD56 +	39±13	43±15	29±12	34±14	0.12
	CD3 -CD56 +	78±12	96±17	58±15	65±14	0.24
	CD16 + CD56 ++	11±4	10±2	3±0.8	7±2	0.03
	CD16 ++ CD56 +	50±10	70±14	45±14	47±12	0.62

Table IV .1: Coupling of antibodies contained in the Duraclone® tubes used in the SEMAPHORE study.

 IV 

				B cells	T cells
		BASIC	B cells		
				CD126	CD126
	Fluorescein isothiocyanate (FITC)	CD16	IgD	CD21	CD62L
	Phycoerythrin (PE)	CD56	CD21	CD126	CD126
	Phycoerythrin-Texas red X (ECD)	CD19	CD19	CD5	CD45RA
	Phycoerythrin-Cyanine-7 (PC7)	CD14	CD27	CD38	CD127
	Allophycocyanin (APC)	CD4	CD24	IgD	CD4
	Alexa Fluor 700 (AF700)	CD8	CD38	CD19	CD8
	Allophycocyanin Alexa Fluor 750	CD3	IgM	CD24	CD3
	(APC-A750)				
	Krome Orange (KO)	CD45	CD45	CD45	CD45
	Pacific Blue (PB)			IgM	CCD27

Table IV .II: Subsets of CD4+ and CD8+ T cells in patients with cortico-dependent PMR and in healthy controls

 IV 

		PMR patients		
			HC (n=5)	P value
		(n=27)		
	CD3 + CD4 + CD62L + CD45RA +	38±3%	26±3%	0.132
	Naïve CD4 T cells			
	CD3 + CD4 + CD62L + CD45RA -	37±2%	52±3%	0.004
	Central memory CD4 T cells			
	CD3 + CD4 + CD62L -CD45RA +			
	Terminally differentiated	2±0%	1±0%	0.069
	effector memory CD4 T cells			
	CD3 + CD4 + CD62L -CD45RA -	22±2%	20±2%	0.604
	Effector memory CD4 T cells			
	CD3 + CD8 + CD62L + CD45RA +	26±3%	24±6%	0.755
	Naïve CD8 T cells			
	CD3 + CD8 + CD62L + CD45RA -	22±2%	28±5%	0.213
	Central memory CD8 T cells			
	CD3 + CD8 + CD62L -CD45RA +			
	Terminally differentiated	24±3%	20±5%	0.604
	effector memory CD8 T cells			
	CD3 + CD8 + CD62L -CD45RA -	27±2%	28±3%	0.604
	Effector memory CD8 T cells			
	CD3 + CD4 + CD25 high CD127 -	4±0%	7±2%	0.194
	Regulatory T cells			
	CD: cluster of differentiation; HC: healthy controls; PMR: polymyalgia rheumatica. Non
	parametric Mann-Whitney test was used to compare the two groups. P<0.05 was considered for
	statistical significancy.			

Table V .II: Characteristics of the IL-6 responders within the patients with polymyalgia rheumatic (PMR) treated with tocilizumab.

 V 

		IL-6 responders (n=9)	IL-6 non-responders (n=9)
		W0	W12	W24	W0	W12	W24
	PMR-AS	42±2	1.3±0.4	1.1±0.5	34±3	3.9±1.5	1.6±0.5
	CRP (mg/L)	115±23	4.9±2.6	3.3±1.3	49±18	5.9±2.8	5.3±2.3
	ESR (mm/h)	69±11	3.8±1.9	6.2±1.4	48±8	3.3±0.7	11.9±2.8
	SBAC (HU)	113±13	109±10	-	116±17	120±17	-

Abbreviations: PMR-AS: PMR activity score; CRP: C reactive protein; ESR: erythrocyte sedimentation rate; SBAC: scanographic bone attenuation coefficient; HU: Hounsfield unit 123

Table SV .II: Scanographic bone attenuation coefficient

 SV 

		All 17 patients	SBAC < 145 HU	SABC  145 HU
			11/17	6/17
	SBAC at inclusion (HU)	118±10	90±5	169±7
	SBAC at week 12 (HU)	118±10	96±6	165±11
	CTX-I at inclusion (ng/ml)	0.45±0.06	0.51±0.08	0.32±0.05
	CTX-I at week 12 (ng/ml)	0.47±0.07	0.51±0.08	0.42±0.17
	PINP at inclusion (ng/ml)	40±3	42±3	33±6
	PINP at week 12 (ng/ml)	73±6	72±7	75±14
	Data are presented as mean±standard error of the mean	
	SBAC: scanographic bone attenuation coefficient; HU: Hounsfield unit; PINP: N-terminal
	collagen type I extension propeptide; CTX-I: carboxy-terminal region of collagen type I

Table VI .I: Characteristics of the pharmacokinetics' model for tocilizumab in PMR.

 VI 

		Value	Standard error
	Volume	7.96	0.32
	Clearance	0.25	0.02
	Influence of CRP on the clearance	0.29	0.07
	Influence of Height to the clearance	4.40	1.06
	Vmax	8.05	0.26
	Km	1.53	0.08

une maladie plus inflammatoire qu'auto -immune :

  Le methotrexate peut parfois être utilisé comme traitement d'épargne en corticoïdes mais il n'y a, à l'heure actuelle, pas de thérapie ciblée ayant l'autorisation de mise sur le marché pour traiter la PPR. L'inflammation liée à la PPR et l'utilisation de corticoïdes peuvent être responsables d'une altération du remodelage osseux. Cette altération de l'os peut conduire à des fractures responsables elle-même d'une mortalité plus importante dans les mois suivants leur survenue et d'une morbidité importante chez des patients souvent âgés. Néanmoins, contrairement à celles portant sur l'ACG, les études focalisées sur la PPR n'ont analysé que des prélèvements de sang périphérique. Dans l'ACG un certain nombre d'études a également analysé des biopsies d'artères temporalesréalisées à visée diagnostiquece qui a permis de mieux comprendre le développement de cette vascularite. TNFα) dans des échantillons de muscles des épaules et des hanches et ont observé une augmentation de plusieurs d'entre elle, donc pas uniquement de l'IL-6. Concernant le lien entre le vieillissement et le développement de la PPR, peu de pistes sont actuellement explorées. Si de données conséquentes sont maintenant disponibles sur le vieillissement du système immunitaire, aucune recherche spécifique sur ce sujet n'est actuellement disponible dans la PPR. Les quelques études portant sur le vieillissement sont plutôt portées sur le stress oxydatif et la diminution de la synthèse hormonale (entre autres de cortisol et de dihydroandrosténedione). La forte inflammation observée au cours de la PPR est responsable d'anomalies du remodelage osseux. Ce remodelage osseux repose sur un équilibre entre la résorption osseuse et la formation osseuse. Au cours de la PPR, en l'absence de traitement, on observe une augmentation de la résorption osseuse, responsable d'une rupture de cet équilibre et d'une déminéralisation osseuse. L'IL-6 a un rôle direct en activant les ostéoclastes, cellules responsables de la résorption osseuse. Le traitement par corticoïdes diminue l'inflammation, mais il a également été montré qu'il inhibe la formation osseuse et est responsable d'une ostéoporose corticoinduite aux conséquences parfois importantes. Brest et 2 à Nantes. Ces 20 patients ont été traités par trois perfusions de tocilizumab espacée à chaque fois de 4 semaines et cela a permis d'obtenir un faible niveau d'activité de la maladie chez tous les patients à la fin de la perfusion. Suite à ce protocole TENOR, un second protocole a été mené en France. Le protocole SEMAPHORE, coordonné par le Pr. Devauchelle-Pensec à Brest, a permis d'inclure 100 patients dans 17 centres en France pour évaluer l'efficacité du tocilizumab en double aveugle, cette fois-ci chez des patients avec une PPR traitée par corticoïdes, mais chez qui il était impossible de descendre en dessous de 10 mg d'équivalent prednisone par jour. Au cours de ces deux études, des analyses de cytométrie et une conservation de sérum ont été programmées pour commencer un programme de recherche translationnelle autour de la PPR à Brest. C'est dans ce contexte que nous avons mené les travaux présentés dans cette thèse. Dans cet article, actuellement soumis à Rheumatology and Therapy, nous avons utilisé les données biologiques du protocole TENOR afin de regarder leur association aux taux d'IL-6 et leur évolution sous tocilizumab. Nous avons donc analysé un large panel d'auto-anticorps connus chez les patients de l'étude TENOR et chez des témoins. Aucun groupe clairement identifiable n'a pu être formé dans cette recherche de « signature » d'auto-anticorps. Au cours de cette étude nous avons donc observé une forte inflammation avec une association entre le taux d'IL-6 et les marqueurs inflammatoires, une réponse au tocilizumab plus rapide chez les patients ayant un taux de gammaglobulines supérieur à 11 g/l et une absence de signature auto-anticorps sur un large panels d'auto-anticorps déjà connus.

	Introduction
	La pseudo-polyarthrite rhizomélique (PPR) est un rhumatisme inflammatoire du sujet de plus
	de 50 ans, parfois associé à une vascularite, l'artérite à cellules géantes (ACG). Les premières descriptions de la PPR remontent aux années 1950 quand Jacques Forestier en France et Stuart Barber aux Etats-Unis d'Amérique, ont respectivement rapporté des cas de « pseudo-polyarthrite rhizomélique » et « polymyalgia rheumatica ». La pseudo-polyarthrite rhizomélique est caractérisée par des douleurs inflammatoires des ceintures scapulaire et pelvienne, responsables de réveils nocturnes et d'un dérouillage matinal prolongé. Beaucoup des études réalisées sur la physiopathologie de la PPR se sont intéressées à l'nterleukine-6 (IL-6), une cytokine pro-inflammatoire, dosée à des taux très élevés chez les patients atteints de PPR en comparaison à des témoins. Les autres cytokines pro-inflammatoires, quant à elles, ne sont pas particulièrement augmentée chez les patients atteints de PPR. Toutefois, une équipe a mesuré le taux de cytokines pro-inflammatoires (IL-6, IL1, Le passage de lymphocytes T régulateurs vers un phénotype Th17, pro-inflammatoire, pourrait La PPR, immunité comme cela est le cas dans le syndrome de Sjögren ou le lupus érythémateux Le
	d'ailleurs être liée au vieillissement du système immunitaire. systémique. Ce taux de gammaglobulines baissait également rapidement après le traitement par
	tocilizumab. Les taux d'IgG, IgA et IgM baissaient également rapidement après traitement par
	tocilizumab. De plus, nous avons observé que les patients ayant un taux de gammaglobulines
	supérieur à 11 g/l répondaient plus vite au traitement par tocilizumab que ceux avec un taux

L'augmentation de la protéine C réactive (CRP) et l'accélération de la vitesse de sédimentation son deux marqueurs d'inflammation utiles au diagnostic et au suivi de la maladie. Le diagnostic a longtemps reposé sur un faisceau d'arguments et sur l'exclusion de certains diagnostics (dont la polyarthrite rhumatoïde). L'échographie, l'imagerie par résonance magnétique (IRM) et le scanner couplé à la tomographie par émission de positon au 18 fluoro-désoxyglucose ( 18 FDG-PET-CT) ont permis, ces dernières années, d'apporter des éléments supplémentaires pour le diagnostic. Le traitement repose sur l'utilisation de corticoïdes, à faible dose, mais pendant une longue période. La physiopathologie de la PPR est actuellement mal expliquée. La plupart des études portent à la fois sur la pseudo-polyarthrite rhizomélique et l'ACG. Plusieurs études ont analysé les populations lymphocytaires des patients atteints de PPR avant et après traitement par corticoïdes. Retenons qu'une diminution des lymphocytes B, touchant particulièrement certaines sous-populations, a été décrite par une équipe Néerlandaise, avec une amélioration de ces anomalies sous corticoïdes. Une augmentation des lymphocytes T Th17, une sous-population aux propriétés pro-inflammatoires, et une diminution des lymphocytes T régulateurs, aux propriétés plutôt anti-inflammatoires, ont aussi été décrite, suggérant un déséquilibre entre ces deux populations qui sont très liées et peuvent évoluer l'une vers l'autre. De nouvelles pistes thérapeutiques semblent donc nécessaires pour limiter les effets secondaires, en particulier osseux, liés aux corticoïdes, chez des patients souvent âgés. Les données sur l'élévation du taux d'IL-6 dans le sérum des patients peuvent laisser penser que le tocilizumab, un inhibiteur du récepteur de l'IL-6, pourrait être efficace dans cette pathologie. Après quelques cas rapportés et quelques séries de patients traités par tocilizumab publiées et suggérant en effet une efficacité du traitement, un premier protocole en ouvert, évaluant le tocilizumab a vu le jour. Le protocole TENOR, a été mené à Brest et à Nantes, chez des patients atteints de PPR débutante, non traitée. Dix-huit patients ont été inclus à Nous avons observé une augmentation des leucocytes, des polynucléaires neutrophiles et des plaquettes et une diminution de l'hémoglobine chez les patients atteints de PPR, en comparaison à des témoins sains. Ces marqueurs biologiques étaient fortement corrélés au taux sérique d'IL-6 avant le traitement. Après la première perfusion de tocilizumab, les leucocytes, les polynucléaires neutrophiles et les plaquettes diminuaient très rapidement pour atteindre des valeurs normales et l'hémoglobine remontait. Après le traitement par tocilizumab, ces marqueurs n'étaient plus du tout corrélés aux taux d'IL-6. Nous avons ensuite analysé le taux de gammaglobulines et le taux individuel des IgG, IgA et IgM. Le taux de gammaglobulines était plus élevé chez les patients avec une PPR active non traitée que chez les témoins, ce qui peut être le reflet de l'inflammation ou un marqueur d'autoinférieur à 11 g/l. Etant donnée l'augmentation du taux de gammaglobulines, nous nous sommes demandé s'il pouvait y avoir une auto-immunité, même non spécifique, plus importante que chez des témoins sains.

tocilizumab corrige la diminution des lymphocytes B dans la pseudo - polyarthrite rhizomélique

  

:

Dans cette étude, publiée dans Rheumatology (Oxford), nous avons également utilisé les données de l'étude TENOR afin d'analyser les sous-populations lymphocytaires et leur lien avec l'IL-6.

Un phénotypage lymphocytaire permettant d'identifier les lymphocyte T (LT), les LT CD4 + , les LT CD8 + , les lymphocytes NK, les lymphocytes B (LB), les LB naïfs, transitionnels, LB mémoire non commutés, LB mémoire commutés, LB doubles négatifs, a été réalisé en cytométrie à l'inclusion, après le traitement par tocilizumab et après le relais par corticoïdes.

Data collection:

For PMR patients, age and sex were collected for the present study. Leukocytes, neutrophils, platelet counts and haemoglobin levels were assessed at each available visit (V0 and V3 to V8). Figure S5.2: Correlation between bone turnover and scanographic bone attenuation coefficient at inclusion and week12. SBAC: scanographic bone attenuation coefficient; HU: Hounsfield unit; PINP: N-terminal collagen type I extension propeptide; CTX-I: carboxy-terminal region of collagen type I

SUPPLEMENTARY MATERIAL

ABSTRACT

Objectives: To study lymphocyte subsets and circulating cytokines at diagnosis of polymyalgia rheumatica (PMR) then after tocilizumab monotherapy. Methods: Eighteen untreated patients with PMR were included in a prospective study and received three monthly tocilizumab infusions without glucocorticoids. Lymphocyte subset distribution was assessed by flow cytometry and serum cytokines were assayed by a 34cytokine array and enzyme-linked immunosorbent assay, at baseline and during follow-up.

Baseline data were also compared to age-and sex-matched controls.

Results: At baseline, total lymphocytes, T cell subsets, and NK cell counts were similar in patients and controls, but patients had significantly lower B cell counts due to lower transitional, naïve, and post-switch memory B cell subsets. Circulating B cell counts correlated with the PMR-Activity Score (PMR-AS) and returned to normal after tocilizumab therapy. Among serum cytokines, interleukin (IL)-6 had the largest concentration difference between patients and controls, and the serum IL-6 concentration correlated with baseline PMR-AS. The effects of tocilizumab on serum IL-6 level were heterogeneous, and the patients whose serum IL-6 decreased after tocilizumab therapy exhibited a significant rise in circulating B cell counts.

Conclusions: In patients with PMR, B cell lymphopenia and abnormal B cell subset distribution are associated with disease activity and IL-6 level, and both are corrected by the IL-6 antagonist tocilizumab.

PATIENTS AND METHODS

Patients, controls, and intervention

Eighteen patients with untreated PMR participating in the TENOR study (registered on Clinicaltrials.gov NCT01713842) at the Brest University Hospital, France, were included.

Inclusion and exclusion criteria for TENOR are described elsewhere (5). Tocilizumab was given as three 8 mg/kg intravenous infusions, at baseline then 4 and 8 weeks (W) later, without glucocorticoids. From W12 to W24, patients received low-dose prednisone (0.15 mg/kg/day tapered according to a predefined schedule). Disease activity was measured by the PMRactivity score (PMR-AS) (7), which includes C-reactive protein (CRP), physician and patient visual analogue scale (VAS) scores for disease activity, morning stiffness, and shoulder elevation. The primary endpoint of the TENOR study was PMR-AS<10 at W12. Early response was defined as PMR-AS<10 at W4. Blood samples were collected at baseline, W2, and W12 (i.e., after tocilizumab monotherapy) then at W24 (after prednisone therapy).

We recruited 18 age-and sex-matched controls among patients visiting our rheumatology department for mechanical pain, with no infectious, auto-immune, or malignant disease. All patients gave their written and informed consent. Study was approved by an ethic committee (CPP Ouest VI).

Lymphocyte subset analysis and cytokine assays

Detailed methods are presented in the supplemental material 1. Briefly, flow cytometry with four different four-color panels was used to assess the distributions of cluster of differentiation (CD)4+ and CD8+ T cells, natural killer (NK) cells, total CD19+ B cells, and B cell subsets (transitional, naïve, unswitched memory, and switched memory B cells). Serum levels of 34 different cytokines were assayed simultaneously using a cytokine array (Human Th1/Th2/Th17 Antibody Array -Membrane ab 169809, Abcam, Bristol, UK, lot GR181414-1) in two

RESULTS

Among the 18 patients included 7 were women (likewise for controls). Mean age at inclusion was respectively 68±7 and 66±11 years for patients and controls (p=0.8). Mean body mass index was respectively 28±1 and 29±1 for patients and controls (p=0.3). CRP seric level were respectively 82±16 and 5±2 for patients and controls (p<0.01). All patients not only fulfilled Chuang's criteria but also fulfilled the 2012 provisional American College of Rheumatology/European League Against rheumatism criteria, received a definite diagnosis of PMR according to the evaluating physician, and underwent a systematic evaluation to rule out alternative diagnoses. After 2 years of follow-up none of the PMR diagnosis was invalidated.

In all 18 patients, PMR-AS was <10 at W12 (5). In 8 patients, there was an early response (PMR-AS <10 at week 4). No patient required corticosteroids due to an increase of disease activityassessed by the PMR-ASbefore W12, and no patient experienced a disease flare until the end of the study (W24).

Patients with active PMR have selective B cell lymphopenia and alterations in B cell subsets

Total lymphocytes, CD4+and CD8+ T cells, and NK cells were not different between patients at baseline and controls (Figure 3.1A and Supplemental Table III.I). The absolute peripheral blood CD19+ B cell count was significantly lower in the patients compared to the controls, due chiefly to significantly lower counts of IgD+CD27-naïve, IgD-CD27+ switched memory, and CD24lowCD38lowmature B cells (Figure 3.1B). CD24highCD38high transitional B cells (Figure 3.1B) were also significantly less numerous in patients compared to controls. Both total B cell (Figure 3.1C) and switched memory B cell (r=0.5, p=0.02) counts positively correlated with disease activity evaluated by the PMR-AS. CRP seric level also positively correlated with B cell count (r=0.5, p=0.03). followed by a slight increase in IL-6 by W12, from 40±15 to 72±13 pg/ml (p<0.01). Interestingly, the 9 patients whose IL-6 levels dropped had significant increases in absolute CD19+ B cell counts, from 141±22 at baseline to 205±33 cell/mm3 at W24 (p=0.03) and IgD+CD27-naïve B-cell counts, from 81±17 to 135±27 cell/mm3 (p<0.01); whereas no significant changes in B cells occurred in the 9 patients whose IL-6 levels increased (Figure 3.2 E-F).

SUPPLEMENTARY MATERIAL:

Flow cytometry

Lymphocyte phenotype was assessed on total blood immediately after sampling using an FC-500 flow cytometer (Beckman Coulter, Brea, CA, USA, serial number AM07034, alignment checked daily). Red cell lysis was achieved using a TQprep ® device (Beckman Coulter, serial number AT06022) according to the manufacturer's instructions. The following antibodies (Beckman Coulter) were used: panel 1, ECD-conjugated-anti-CD3 (5 L), PC7anti-CD19 (5 L), FITC-anti-CD8-(5 L), and PE-anti-CD4 (5 L); panel 2, anti-PC7-CD19

(5 L), PC5-anti-CD38 (5 L), FITC-anti-IgD (5 L), and PE-anti-CD27 (5 L); panel 3, PC7anti-CD19-(5 L), PC5-anti-CD38 (5 L), and PE-anti-CD24 (5 L); and panel 4, ECDanti-CD3 (5 L), PE-anti-CD56 (5 L), and FITC-anti CD16 (5 L). Staining was performed using a PrepPlus 2 ® device (Beckman Coulter). Data were analysed using CXP analysis ® 2.2 software. Gating strategies are described in Supplementary material 1. Absolute numbers were calculated using the absolute number of total lymphocytes from a blood count performed on the same day.

Supplementary figure 3.1: Gating strategy for flow cytometry analysis

Cytokine array

Sera were stored at -80°C for further analysis. Cytokines were assayed at baseline and week 12. An increase of the CD4:CD8 ratio has been described as a consequence of the high turnover of CD8 + T cells in the aging of the immune system. In patients with PMR, CD4:CD8 ratio was 3.6±0.4 whereas it was 2.7±0.6 in HC, but without a significant difference. So, we wonder if subsets of CD4 + or CD8 + T cells might be modified in patients with PMR compared to HC. Naïve, central memory, terminally differentiated effector memory and effector memory subsets were analyzed for both CD4 + T cells and CD8 + T cells. Moreover, we defined the regulatory T cell subset using surface staining. The CD3 + CD4 + CD25 high CD127 -T cells were defined as regulatory T cells as described in previous studies (161). Results are presented in Table IV.II. Only the Central memory CD4 T cells subset was significantly decreased in patients with PMR compared to HC. Nevertheless, we analyzed the expression of CD126 on lymphocytes at inclusion. main difference between patients and HC in the SEMAPHORE study was the increase in CD27 - IgD -senescent B cells. In the TENOR study, no such increase was observed. This question the implication of senescent B cells in PMR pathophysiology. Indeed, if such a decrease is not observed in untreated PMR patients but is seen in GC-dependent patients, it might be implied in GC resistance or be an effect of a selection of patients with a more active disease, harder to treat, and then might be a marker of worse prognosis. Moreover, this result underlines the potential importance of ageing of the immune system in PMR pathophysiology. We also looked at CD21 low B cell, an increase in such cells has been reported as a marker of an ageing immune system. In this study, the percentage of CD21 low B cells was not modified in PMR patients compared with controls. Nevertheless, more markers of ageing B cells are described and a specific analyze of these markers would be of great interest to rely aging and PMR pathophysiology (162,163).

The main limitation of this study is the low number of HC. Recruitment of HC has been compromised by the epidemic situation and the stop of research activities for several months. HC recruitment has been rethought and will start again from October 2020. Hopefully, we will be able to increase the number of HC. This will enable the confirmation of the current results and might reveal differences that are not statistically significant yet, due to poor statistical power.

ABSTRACT:

Background: This study explores changes in the bone homeostasis by testing the N-terminal collagen type I extension propeptide (PINP) marker for osteo-formation and the carboxyterminal region of collagen type I (CTX-I) marker for osteo-resorption in patients taking tocilizumab for polymyalgia rheumatica (PMR).

Methods: Twenty patients were included in the prospective open-label TENOR study (Clinicaltrials.gov NCT01713842) and received three monthly tocilizumab infusions, followed by corticosteroids starting at week (W)12. PINP and CTX-I were tested at inclusion (W0), after tocilizumab but before steroid initiation (W12), at the end of the protocol (W24) and were compared to healthy controls. Information regarding disease activity, bone mineral density using scanographic bone attenuation correlation (SBAC), inflammatory parameters and interleukin (IL)-6 levels were collected during the follow-up of the patients.

Results: PMR patients were characterized by a reduction in bone mineral density and a higher level of CTX-I relative to healthy controls matched in age and sex at baseline. PINP levels increased at W12 (p=0.0008, versus W0) following tocilizumab introduction and CTX-I levels decreased at W24 and after steroid initiation (p=0.001, versus W0). Such modifications explain the altered correlation observed between PINP and CTX-I at W0 (r=0.255 at W0 versus r=0.641 in healthy controls) and its correction after treatment (r=0.760 at W12 and r=0.767 at W24).

Finally, greater changes in PINP were observed in patients whose circulating IL-6 levels decreased after tocilizumab therapy.

Conclusions: Control of bone turnover, in part through the inhibition of the IL-6 axis, is observed during tocilizumab and subsequent steroid treatment of PMR.

Key words: polymyalgia rheumatica, tocilizumab, PINP, CTX-I, IL-6, scanographic bone attenuation coefficient

RESULTS:

Bone turnover markers at baseline in PMR

Characteristics of the 20 patients with PMR included in the study were previously described [2,18] and they were matched in age and sex with 97 healthy controls (Table V.I, Table SV.I).

None of the patients was treated with anti-osteoporotic drug during the 24 weeks of the study. Only one patient had one vertebral fracture at inclusion and no fracture occurs during followup. The bone formation marker PINP and the bone resorption marker CTX-I were assayed. As reported in Figure 5.1A/B, an elevated level of CTX-I characterizes PMR patients at baseline (p=0.006), while PINP levels were unaffected. In addition, an altered balance between osteoformation and osteo-resorption compared to healthy controls was reported at baseline in PMR

Conclusion

We demonstrated that tocilizumab therapy has a positive impact on bone homeostasis increasing bone turnover via the activation of bone formation and bone resorption blockade.

The underlying mechanisms regulating bone homeostasis and the advantages of tocilizumab in comparison to corticosteroid therapy are not clearly established yet. More data are needed to evaluate the consequences of tocilizumab therapy on bone mineral density and on bone events in particular on the incidence of fracture. 

SUPPLEMENTARY MATERIAL

NEW LEADS AND HYPOTHESIS

In this study, even if bone markers suggest an improvement in bone turnover after treatment and if different effects are suggested depending on the treatment (tocilizumab or GC), several questions remain:

-Is the improvement of bone turnover due to the control of inflammation or to a direct effect of the treatment?

-Has tocilizumab an effect on the bone microarchitecture in addition to an effect on bone turnover?

-Can tocilizumab prevent bone loss in patients with a long-standing PMR and treated with GC?

Moreover, clinical studies would be necessary to assess the ability of tocilizumab to prevent osteoporosis and osteoporotic fracture.

QAUNTIFICATION OF THE TOCILIZUMAB IN THE SERUM OF PATIENTS:

The results of the ELISA quantification in PMR patients is presented in Figure 6 In this modelling we can observe the first increase of tocilizumab concentration, the slow decrease after each infusion and new increase the day of infusion. Finally, after the last infusion, we can observe the slow decrease of tocilizumab concentration and then the acceleration of tocilizumab elimination at low concentrations. This elimination is due to the association of two different mode of elimination: first the linear elimination of tocilizumab related to the endogenous elimination; and second, the non-linear elimination of tocilizumab mediated by its binding to the IL-6R.

As presented in figure 6.2 A-C, the data observed are very close to the predictions of the model, strengthening the performance of the mono-compartment model for tocilizumab pharmacokinetic.

Table VI.I summarize the characteristics of this model for tocilizumab pharmacokinetic in PMR. Among the characteristics analyzed the clearance of tocilizumab was found to be influenced by the CRP level and by the height. Indeed, the greater the CRP is, the greater the clearance is. And the greater the height (and consequently the body surface area) is, the greater the clearance is also. These associations between inflammation or body surface and the clearance are not frequent but have already been reported. As we discussed in the introduction, some authors already described an association between inflammation and tocilizumab pharmacokinetic in RA (143).

ANALYSIS OF THE PHARMACODYNAMIC RELATIONSHIP BETWEEN TOCILIZUMAB, CRP, NEUTROPHILS AND PMR-AS:

The analysis of the relationship between the evolution of tocilizumab concentrations on the one side, and clinical or biological markers on the other side, can also be performed using pharmacodynamic modelling.

Three main characteristics were selected to try to establish pharmacodynamic modelling. The CRP for it reflects inflammation, the neutrophil count and the PMR-AS.

The pharmacodynamic modelling for CRP and PMR-AS is not performant enough, yet. As Example of one pharmacodynamic modelling.

Part VII: General discussion

This general discussion does not aim at listing all the discussions already made in the different parts and articles of this thesis. Instead we want to present a synthesis of these different works performed at different periods and on different protocols to justify our conclusions and our new leads presented in the last part of this thesis.

Our translational work on PMR started with the TENOR protocol. Thanks to this protocol we were able to perform cytometry analysis and to get serum from the patients. We also had access to clinical and biological data of high quality. In a second phase, the SEMAPHORE study started and with it, the opportunity of new analysis. At first, we mainly focused on cytometry analysis. The main technique used in the INSERM unit 1227 LBAI is to perform cytometry analysis on fresh blood and so, the cytometry planned for the TENOR and the SEMAPHORE studies were also based on fresh blood. So, no peripheral blood mononuclear cells (PBMC)

were extracted and frozen and no cellular material was available for further "a posteriori"

analysis. This point can be a subject for discussion for our next research.

Nevertheless, the cytometry analysis and the analysis performed in the serum gave us many results.

First of all, we discussed in the introduction the lack of knowledge about PMR pathophysiology.

Even nowadays, studies on immunology of PMR are scarce and only a handful of new studies are published each year. New data are, then, of great interest. In our works we described a strong inflammation, with consequences on many biological parameters and with strong correlation to the IL-6. We also observed the previously reported increase of IL-6, but with two levels of expression, clearly revealed by the tocilizumab therapy. This can modulate the previous results of an inflammatory disease mainly mediated by IL-6. Indeed, if some patients have low or normal levels of IL-6 in early untreated PMR, this suggest that other inflammatory mediators

Perspectives

Because of the COVID19 and because of the lockdown and the quarantine related to this situation, our works on PMR stopped for several months. Our initial agenda was to analyze all the data of the SEMAPHORE study before starting new projects on new protocols.

Unfortunately, the confinement and the impossibility to travel prevented us from performing the controls mandatory in such clinical trial before the freezing of the database and the possible analyze of these data.

So, currently, we do not have the clinical data of the SEMAPORE study and we cannot analyze the data according to treatment exposure. But, the quality inspection and the freezing of the database is now scheduled for the end of the year 2020. During the year 2021, these data will be available and we will complete the analysis we started. First of all, we will be able to analyze the evolution of the lymphocyte's subsets under tocilizumab therapy. We will also analyze the impact of methotrexate therapy, prior inclusion, on lymphocyte's subsets.

Moreover, in the SEMPAHORE study, the panels used for B cell and T cell analysis are relatively large with up to ten cytometry antibodies. Depending on the final number of samples that can be analyzed, an unsupervised analysis can be considered. Indeed, the conventional gating strategy used in our first analysis is based on "a priori" preconceptions. But, with the increased performance of cytometer and the large number of markers analyzable concomitantly, many analyses without these preconceptions have been developed. It is of great interest for new populations have been described using these bio-informatic techniques. Such technique can also enable the detection of rare population and can show an evolution in time for patients treated with tocilizumab and patients receiving the placebo. We will also continue the pharmacokinetic and pharmacodynamic analysis we started in the TENOR study in order to confirm our results in the SEMAPHORE study. 

Caractérisation des perturbations lymphocytaires chez les patients ayant une

PPR dépendante des corticoïdes et caractérisation de l'expression du

CD126 :