Samuel Deshayes 
  
Hubert De Boysson 
  
Anaël Dumont 
  
Denis Vivien 
  
Alain Manrique 
  
Achille Aouba 
email: aouba-a@chu-caen.fr
  
Prof Aouba Achille 
  
  
  
An overview of the perspectives on experimental models and new therapeutic targets in giant cell arteritis

Keywords: giant cell arteritis, large-vessel vasculitis, anti-interleukin-6, anti-interleukin-1, IL1rn -/- DC: dendritic cells GCA: Giant cell arteritis ICAM-1: intercellular adhesion molecule-1 IFN: interferon janus kinase LFA: lymphocyte function-associated antigen MMP: matrix metalloproteinase

de niveau recherche, publiés ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Epidemiology and symptomatology

Giant cell arteritis (GCA) is the leading cause of systemic vasculitis in adults older than 50 years and is a type of large-vessel vasculitis, usually affecting the aorta and/or its major branches, particularly the temporal artery [START_REF] Herlyn | Doubled prevalence rates of ANCA-associated vasculitides and giant cell arteritis between 1994 and 2006 in northern Germany[END_REF][START_REF] Jennette | revised International Chapel Hill Consensus Conference Nomenclature of Vasculitides[END_REF].

GCA is associated with cranial symptoms, such as new-onset headaches, visual disturbances, jaw claudication and temporal artery abnormalities, and extracranial manifestations, including constitutional symptoms and polymyalgia rheumatica [START_REF] Dejaco | Giant cell arteritis and polymyalgia rheumatica: current challenges and opportunities[END_REF]. The temporal artery involvement can be studied by color duplex sonography, with an estimated sensitivity and specificity of hypoechoic halo for the diagnosis of GCA of 68% and 81%, respectively, compared to positive temporal artery biopsy [START_REF] Rinagel | Diagnostic performance of temporal artery ultrasound for the diagnosis of giant cell arteritis: a systematic review and meta-analysis of the literature[END_REF]. Additionally, large-vessel vasculitis is increasingly recognized, with aortitis diagnosed in 40 to 80% of patients and aortic aneurysms diagnosed in up to 20% of patients at 5 years and up to 35% at 10 years [START_REF] De Boysson | Large-vessel involvement and aortic dilation in giant-cell arteritis. A multicenter study of 549 patients[END_REF][START_REF] De Boysson | The different clinical patterns of giant cell arteritis[END_REF][START_REF] Nuenninghoff | Incidence and predictors of large-artery complication (aortic aneurysm, aortic dissection, and/or large-artery stenosis) in patients with giant cell arteritis: a population-based study over 50 years[END_REF][START_REF] García-Martínez | Prospective long term follow-up of a cohort of patients with giant cell arteritis screened for aortic structural damage (aneurysm or dilatation)[END_REF][START_REF] Prieto-González | Large vessel involvement in biopsy-proven giant cell arteritis: prospective study in 40 newly diagnosed patients using CT angiography[END_REF][START_REF] Blockmans | Repetitive 18F-fluorodeoxyglucose positron emission tomography in giant cell arteritis: a prospective study of 35 patients[END_REF][START_REF] Espitia | Giant cell arteritis with or without aortitis at diagnosis. A retrospective study of 22 patients with longterm followup[END_REF][START_REF] De Boysson | F-fluorodeoxyglucose positron emission tomography and the risk of subsequent aortic complications in giant-cell arteritis: A multicenter cohort of 130 patients[END_REF][START_REF] Blockmans | Magnetic resonance angiography versus 18Ffluorodeoxyglucose positron emission tomography in large vessel vasculitis[END_REF][START_REF] Delaval | Large-vessel vasculitis diagnosed between 50 and 60 years: Case-control study based on 183 cases and 183 controls aged over 60 years[END_REF]. The incidence of aortic aneurysms and/or dissection, which are dreaded complications of aortitis, ranges from 2.8 to 18.9/1,000 person-years [START_REF] Nuenninghoff | Incidence and predictors of large-artery complication (aortic aneurysm, aortic dissection, and/or large-artery stenosis) in patients with giant cell arteritis: a population-based study over 50 years[END_REF][START_REF] Gonzalez-Gay | Aortic aneurysm and dissection in patients with biopsy-proven giant cell arteritis from northwestern Spain: a populationbased study[END_REF][START_REF] Robson | The relative risk of aortic aneurysm in patients with giant cell arteritis compared with the general population of the UK[END_REF][START_REF] Evans | Increased incidence of aortic aneurysm and dissection in giant cell (temporal) arteritis. A population-based study[END_REF]. The risk of aortic aneurysms appears to be higher for the thoracic aorta than the abdominal aorta [START_REF] Robson | The relative risk of aortic aneurysm in patients with giant cell arteritis compared with the general population of the UK[END_REF][START_REF] Evans | Increased incidence of aortic aneurysm and dissection in giant cell (temporal) arteritis. A population-based study[END_REF]. Large-vessel vasculitis is associated with more frequent relapses and a corticosteroid-dependent disease [START_REF] Espitia | Giant cell arteritis with or without aortitis at diagnosis. A retrospective study of 22 patients with longterm followup[END_REF][START_REF] De Boysson | Different patterns and specific outcomes of large-vessel involvements in giant cell arteritis[END_REF][START_REF] Dumont | Factors Associated with Relapse and Dependence on Glucocorticoids in Giant Cell Arteritis[END_REF]. Of note, a benign and local disease with exclusive temporal signs has been extremely rarely described in patients younger than 50 years of age [START_REF] Journeau | Juvenile temporal arteritis: A clinicopathological multicentric experience[END_REF].

The incidence of GCA ranges from 0.4 to 29.1/100,000 persons aged 50 years or older, according to the genetic background, with higher incidence observed in people of Scandinavian origin [START_REF] Gonzalez-Gay | Epidemiology of giant cell arteritis and polymyalgia rheumatica[END_REF][START_REF] Barrier | Epidemiologic approach to Horton's disease in the department of Loire-Atlantique. 110 cases in 10 years (1970-1979)[END_REF][START_REF] Samson | Stroke associated with giant cell arteritis: a population-based study[END_REF][START_REF] Chandran | The incidence of giant cell arteritis in Olmsted County, Minnesota, over a 60-year period 1950-2009[END_REF][START_REF] Petri | Incidence of giant cell arteritis and characteristics of patients: data-driven analysis of comorbidities[END_REF][START_REF] Brekke | Incidence of giant cell arteritis in Western Norway 1972-2012: a retrospective cohort study[END_REF]. GCA predominantly affects women [START_REF] Petri | Incidence of giant cell arteritis and characteristics of patients: data-driven analysis of comorbidities[END_REF][START_REF] Brekke | Incidence of giant cell arteritis in Western Norway 1972-2012: a retrospective cohort study[END_REF][START_REF] Smeeth | Incidence of diagnosed polymyalgia rheumatica and temporal arteritis in the United Kingdom, 1990-2001[END_REF][START_REF] Crowson | Contemporary prevalence estimates for giant cell arteritis and polymyalgia rheumatica, 2015[END_REF][START_REF] Crowson | The lifetime risk of adult-onset rheumatoid arthritis and other inflammatory autoimmune rheumatic diseases[END_REF][START_REF] Dunstan | Epidemiology of biopsyproven giant cell arteritis in South Australia[END_REF][START_REF] Salvarani | Reappraisal of the epidemiology of giant cell arteritis in Olmsted County, Minnesota, over a fifty-year period[END_REF][START_REF] Catanoso | Incidence, Prevalence, and Survival of Biopsy-Proven Giant Cell Arteritis in Northern Italy During a 26-Year Period[END_REF][START_REF] Mohammad | Incidence and mortality rates of biopsy-proven giant cell arteritis in southern Sweden[END_REF]. The lifetime risk of developing GCA in the United States is estimated to be 1% in women and 0.5% in men [START_REF] Crowson | The lifetime risk of adult-onset rheumatoid arthritis and other inflammatory autoimmune rheumatic diseases[END_REF]. With the expected aging of the population, the burden associated with GCA will also increase. By 2050, more than 3 million people will likely be diagnosed with GCA across Europe, North America and Oceania [START_REF] Smit | Projected worldwide disease burden from giant cell arteritis by 2050[END_REF]. GCA is not responsible for increased mortality compared to the general population [START_REF] Salvarani | Reappraisal of the epidemiology of giant cell arteritis in Olmsted County, Minnesota, over a fifty-year period[END_REF][START_REF] Catanoso | Incidence, Prevalence, and Survival of Biopsy-Proven Giant Cell Arteritis in Northern Italy During a 26-Year Period[END_REF][START_REF] Mohammad | Incidence and mortality rates of biopsy-proven giant cell arteritis in southern Sweden[END_REF][START_REF] Hill | Risk of mortality in patients with giant cell arteritis: A systematic review and meta-analysis[END_REF][START_REF] Kermani | Large-vessel involvement in giant cell arteritis: a population-based cohort study of the incidence-trends and prognosis[END_REF], although patients with GCA presenting with vision loss, aortic aneurysms and/or dissection appear to have a worse prognosis [START_REF] Kermani | Large-vessel involvement in giant cell arteritis: a population-based cohort study of the incidence-trends and prognosis[END_REF][START_REF] Nuenninghoff | Mortality of largeartery complication (aortic aneurysm, aortic dissection, and/or large-artery stenosis) in patients with giant cell arteritis: a population-based study over 50 years[END_REF][START_REF] Aouba | Mortality causes and trends associated with giant cell arteritis: analysis of the French national death certificate database (1980-2011)[END_REF][START_REF] Nesher | Survival of patient with giant cell arteritis: Impact of vision loss and treatment with aspirin[END_REF]. The main causes of death of patients with GCA are cardiovascular diseases, followed by cerebrovascular disease, infections and malignancy [START_REF] Hill | Risk of mortality in patients with giant cell arteritis: A systematic review and meta-analysis[END_REF][START_REF] Aouba | Mortality causes and trends associated with giant cell arteritis: analysis of the French national death certificate database (1980-2011)[END_REF][START_REF] Chazal | Giant-cell arteritis-related mortality in France: A multiple-cause-of-death analysis[END_REF]. Of note, some studies described the association of GCA with another systemic disease, such as myelodysplastic syndrome or inflammatory bowel diseases [START_REF] Roupie | Giant-cell arteritis associated with myelodysplastic syndrome: French multicenter case control study and literature review[END_REF][START_REF] Yavne | Giant cell arteritis and inflammatory bowel disease -Is there a connection? Results from a population-based study[END_REF].

Pathophysiology

The pathophysiology of GCA remains poorly understood. A genetic predisposition is suspected, as the incidence differs between populations and is increased in females [START_REF] Lee | The geo-epidemiology of temporal (giant cell) arteritis[END_REF].

Moreover, several human leukocyte antigen class II alleles are associated with GCA [START_REF] Carmona | A large-scale genetic analysis reveals a strong contribution of the HLA class II region to giant cell arteritis susceptibility[END_REF].

However, some environmental factors may trigger GCA. Therefore, a seasonal or cyclic variation has occasionally been noted [START_REF] Chandran | The incidence of giant cell arteritis in Olmsted County, Minnesota, over a 60-year period 1950-2009[END_REF][START_REF] Smeeth | Incidence of diagnosed polymyalgia rheumatica and temporal arteritis in the United Kingdom, 1990-2001[END_REF][START_REF] Dunstan | Epidemiology of biopsyproven giant cell arteritis in South Australia[END_REF][START_REF] Salvarani | Reappraisal of the epidemiology of giant cell arteritis in Olmsted County, Minnesota, over a fifty-year period[END_REF][START_REF] Lee | The geo-epidemiology of temporal (giant cell) arteritis[END_REF][START_REF] Pucelj | The incidence of giant cell arteritis in Slovenia[END_REF][START_REF] Duhaut | Is giant cell arteritis an infectious disease? Biological and epidemiological evidence[END_REF][START_REF] Gokoffski | Seasonal incidence of biopsy-proven giant cell arteritis: a 20year retrospective study of the University of California Davis Medical System[END_REF]. Infectious episodes appear to favor the development of GCA, and several microbiological agents have been suspected as causative agents, although inconsistent results have been reported [START_REF] Gilden | Prevalence and distribution of VZV in temporal arteries of patients with giant cell arteritis[END_REF][START_REF] England | Herpes Zoster as a Risk Factor for Incident Giant Cell Arteritis[END_REF][START_REF] Rhee | Infections and the risk of incident giant cell arteritis: a population-based, case-control study[END_REF][START_REF] Russo | Correlation between infection and the onset of the giant cell (temporal) arteritis syndrome. A trigger mechanism?[END_REF]. Moreover, specific microbiomes in temporal arteries and thoracic aortic aneurysms in patients with GCA have been reported [START_REF] Hoffman | The Microbiome of Temporal Arteries[END_REF][START_REF] Getz | Microbiomes of Inflammatory Thoracic Aortic Aneurysms Due to Giant Cell Arteritis and Clinically Isolated Aortitis Differ From Those of Non-Inflammatory Aneurysms[END_REF].

In contrast to healthy temporal arteries, a histological examination of temporal arteries from patients with GCA frequently shows a focal and segmental inflammatory infiltrate, which is transmural in 75% of cases, consisting of mature lymphocytes and macrophages that may be merged into epithelioid and multinucleated giant cells. Intimal hyperplasia, fragmentation of the internal elastic lamina, neoangiogenesis and calcifications are also frequently observed [START_REF] Cavazza | Inflamed temporal artery: histologic findings in 354 biopsies, with clinical correlations[END_REF]. A temporal and geographical distribution of the immune cells with subsequently specific roles have been reported [START_REF] Weyand | Cytokines, growth factors and proteases in medium and large vessel vasculitis[END_REF][START_REF] Samson | Recent advances in our understanding of giant cell arteritis pathogenesis[END_REF].

Although interconnected, the pathological process of GCA is more convenient to divide into several steps (Fig. 1).

2.1.Activation of dendritic cells

In healthy arteries, adventitial dendritic cells (DC), which are located in the vicinity of the vasa vasorum, are in an immature state (CCR6 + CD83 -MHC-II low ) and sense potential pathogen-derived molecular patterns [START_REF] Pryshchep | Vessel-specific Toll-like receptor profiles in human medium and large arteries[END_REF][START_REF] Zhang | Immunoinhibitory checkpoint deficiency in medium and large vessel vasculitis[END_REF][START_REF] Banchereau | Immunobiology of dendritic cells[END_REF]. The adventitial DCs have vessel-specific Tolllike receptor (TLR) expression profiles [START_REF] Pryshchep | Vessel-specific Toll-like receptor profiles in human medium and large arteries[END_REF]. In patients with GCA, the first suspected step is the activation of these DCs via the TLR, leading to the acquisition of a mature phenotype CCR7 + CD83 + CD86 + MHC-II high in the temporal arteries [START_REF] Ma-Krupa | Activation of arterial wall dendritic cells and breakdown of self-tolerance in giant cell arteritis[END_REF][START_REF] Krupa | Trapping of misdirected dendritic cells in the granulomatous lesions of giant cell arteritis[END_REF][START_REF] Han | Vessel wall-embedded dendritic cells induce T-cell autoreactivity and initiate vascular inflammation[END_REF]. Interestingly, the activation of DCs via different TLRs induces distinct types of vasculitis, with TLR4 ligands producing transmural panarteritis, whereas TLR5 ligands induce adventitial perivasculitis [START_REF] Deng | Toll-like receptors 4 and 5 induce distinct types of vasculitis[END_REF]. In patients with GCA, adventitial DCs synthesize CCL-19 and CCL-21 and express CCR7, the receptor of CCL-19 and CCL-21, resulting in the entrapment of DCs in the temporal arteries [START_REF] Ma-Krupa | Activation of arterial wall dendritic cells and breakdown of self-tolerance in giant cell arteritis[END_REF][START_REF] Krupa | Trapping of misdirected dendritic cells in the granulomatous lesions of giant cell arteritis[END_REF].

2.2.Recruitment of immune cells

The second step is the recruitment of different populations of immune cells.

T cells

Several factors have been implicated in T cell recruitment into the arterial wall of patients with GCA. [START_REF] Herlyn | Doubled prevalence rates of ANCA-associated vasculitides and giant cell arteritis between 1994 and 2006 in northern Germany[END_REF] The chemokines synthesized by adventitial DCs (CCL-18 to CCL-21) recruit naive CD4 + T cells [START_REF] Krupa | Trapping of misdirected dendritic cells in the granulomatous lesions of giant cell arteritis[END_REF][START_REF] Deng | Toll-like receptors 4 and 5 induce distinct types of vasculitis[END_REF][START_REF] Brack | Giant cell vasculitis is a T cell-dependent disease[END_REF]. (2) Adventitial endothelial cells and neovessels within the inflammatory infiltrates of patients with GCA overexpress adhesion molecules involved in leukocyte-endothelial cell interactions. Moreover, a preferential use of distinct leukocyte receptors and adhesion molecules has been observed according to the arterial layer (very late antigen (VLA)-4/vascular cell adhesion molecule-1 (VCAM-1) and lymphocyte functionassociated antigen (LFA)-1/intercellular adhesion molecule-1 (ICAM-1) in the adventitia, and Mac-1/ICAM-1 in the intima-media junction) [START_REF] Cid | Cell adhesion molecules in the development of inflammatory infiltrates in giant cell arteritis: inflammation-induced angiogenesis as the preferential site of leukocyte-endothelial cell interactions[END_REF][START_REF] Régent | Molecular analysis of vascular smooth muscle cells from patients with giant cell arteritis: Targeting endothelin-1 receptor to control proliferation[END_REF]. (3) Circulating T cells express Notch, and adventitial endothelial cells overexpress the Notch ligand Jagged1 secondary to the increase in the vascular endothelial growth factor (VEGF) level in the blood, which is responsible for entrapment and survival of T cells within the arterial wall [START_REF] Piggott | Blocking the NOTCH pathway inhibits vascular inflammation in large-vessel vasculitis[END_REF][START_REF] Wen | The microvascular niche instructs T cells in large vessel vasculitis via the VEGF-Jagged1-Notch pathway[END_REF]. ( 4 Once recruited, CD4 + T cells differentiate into effector T cells. CD4 + and CD8 + T cells harbor a restricted TCR repertoire in patients with GCA, suggesting that one or several specific antigens drive their differentiation [START_REF] Samson | Involvement and prognosis value of CD8(+) T cells in giant cell arteritis[END_REF][START_REF] Weyand | Distinct vascular lesions in giant cell arteritis share identical T cell clonotypes[END_REF][START_REF] Martinez-Taboada | Clonally expanded CD8 T cells in patients with polymyalgia rheumatica and giant cell arteritis[END_REF][START_REF] Grunewald | CD4+ and CD8+ T cell expansions using selected TCR V and J gene segments at the onset of giant cell arteritis[END_REF]. Because the IL-12, IL-18, IL-23, IL-6, IL-1β, IL-4, transforming growth factor (TGF)-β, IL-7, IL-9 and IL-15 accumulate in the environment, T cells differentiate into Th1, Th17, Th9 and tissue-resident memory T cells [START_REF] Wen | The microvascular niche instructs T cells in large vessel vasculitis via the VEGF-Jagged1-Notch pathway[END_REF][START_REF] Espígol ; Frigolé | Expression and Function of IL12/23 Related Cytokine Subunits (p35, p40, and p19) in Giant-Cell Arteritis Lesions: Contribution of p40 to Th1-and Th17-Mediated Inflammatory Pathways[END_REF][START_REF] Samson | Th1 and Th17 lymphocytes expressing CD161 are implicated in giant cell arteritis and polymyalgia rheumatica pathogenesis[END_REF][START_REF] Coit | DNA methylation analysis of the temporal artery microenvironment in giant cell arteritis[END_REF][START_REF] Conway | Interleukin 12 and interleukin 23 play key pathogenic roles in inflammatory and proliferative pathways in giant cell arteritis[END_REF][START_REF] Deng | Th17 and Th1 T-cell responses in giant cell arteritis[END_REF][START_REF] Terrier | Interleukin-21 modulates Th1 and Th17 responses in giant cell arteritis[END_REF][START_REF] Ciccia | Difference in the expression of IL-9 and IL-17 correlates with different histological pattern of vascular wall injury in giant cell arteritis[END_REF][START_REF] Zhang | CD28 Signaling Controls Metabolic Fitness of Pathogenic T Cells in Medium and Large Vessel Vasculitis[END_REF]. Tissue-resident memory T cells are specialized cells that are embedded within the temporal arteries of patients with GCA and are suspected to be responsible for mediating long-lasting pro-inflammatory functions. The survival of these cells depends on janus kinase (JAK)-signal transducer and activator of transcription signaling, and a JAK inhibitor depletes these tissue-resident memory T cells and subsequently decreases adventitial angiogenesis, inflammation and intimal hyperplasia in a mouse model of GCA, highlighting a potentially central role for these cells [START_REF] Zhang | Inhibition of JAK-STAT Signaling Suppresses Pathogenic Immune Responses in Medium and Large Vessel Vasculitis[END_REF]. Therefore, JAK inhibitors appear as a promising treatment in GCA [START_REF] Jamilloux | JAK inhibitors for the treatment of autoimmune and inflammatory diseases[END_REF]. Additionally, T cell expansion, cytokine production, and differentiation (induction of tissue-resident memory T cells, Th1 and T follicular helper) relies on CD28 stimulation and represent potentially useful therapeutic targets [START_REF] Zhang | CD28 Signaling Controls Metabolic Fitness of Pathogenic T Cells in Medium and Large Vessel Vasculitis[END_REF]. Otherwise, Jagged1 + adventitial endothelial cells also regulate effector Th1 and Th17 cell differentiation via the Notch-mTORC1 pathway, as well as their invasion into the arterial wall [START_REF] Piggott | Blocking the NOTCH pathway inhibits vascular inflammation in large-vessel vasculitis[END_REF][START_REF] Wen | The microvascular niche instructs T cells in large vessel vasculitis via the VEGF-Jagged1-Notch pathway[END_REF]. IL-21-producing CD4 + T cells are positively correlated with Th17 and Th1 cell expansion, and the addition of IL-21 to cultured cells indeed promotes Th1 and Th17 differentiation at the expense of regulatory T cell (Treg) differentiation [START_REF] Terrier | Interleukin-21 modulates Th1 and Th17 responses in giant cell arteritis[END_REF][START_REF] Watanabe | Pro-inflammatory and antiinflammatory T cells in giant cell arteritis[END_REF]. Patients with GCA exhibit increased circulating levels of cytotoxic CD8 + , Tc17 and CD63 + CD8 + cells [START_REF] Samson | Involvement and prognosis value of CD8(+) T cells in giant cell arteritis[END_REF]. Furthermore, a quantitative and qualitative deficit in circulating CD4 + Treg cells and a qualitative deficit in circulating CD8 + CCR7 + FoxP3 + T cells induced by nicotinamide adenine dinucleotide phosphate (NADPH) oxidase deficiency have been noted [START_REF] Samson | Th1 and Th17 lymphocytes expressing CD161 are implicated in giant cell arteritis and polymyalgia rheumatica pathogenesis[END_REF][START_REF] Terrier | Interleukin-21 modulates Th1 and Th17 responses in giant cell arteritis[END_REF][START_REF] Wen | NADPH oxidase deficiency underlies dysfunction of aged CD8+ Tregs[END_REF][START_REF] Miyabe | An expanded population of pathogenic regulatory T cells in giant cell arteritis is abrogated by IL-6 blockade therapy[END_REF]. Notably, patients with GCA have an increased proportion of IL-17-secreting Tregs that harbor a hypofunctional isoform of Foxp3 with decreased suppressive function and proliferation. In contrast to corticosteroids, tocilizumab corrects these Treg abnormalities [START_REF] Miyabe | An expanded population of pathogenic regulatory T cells in giant cell arteritis is abrogated by IL-6 blockade therapy[END_REF].

Monocytes and macrophages

The number of classical monocytes (CD14 bright CD16 -) is increased in blood, whereas the number of CD68 + CD16 + CXCR1 + CCR2 -macrophages, resembling the phenotype of the circulating non-classical monocytes, is increased in the temporal arteries of patients with GCA [START_REF] Van Sleen | Involvement of Monocyte Subsets in the Immunopathology of Giant Cell Arteritis[END_REF]. IFN-γ induces the expression of CCL2 on vascular smooth muscle cells, which participates in the recruitment of monocytes and the fusion of macrophages [START_REF] Corbera-Bellalta | Blocking interferon γ reduces expression of chemokines CXCL9, CXCL10 and CXCL11 and decreases macrophage infiltration in ex vivo cultured arteries from patients with giant cell arteritis[END_REF].

Macrophages in the temporal arteries of patients with GCA play distinct roles, depending on the arterial layer [START_REF] Weyand | Correlation of the topographical arrangement and the functional pattern of tissue-infiltrating macrophages in giant cell arteritis[END_REF][START_REF] Wagner | Functional profile of tissue-infiltrating and circulating CD68+ cells in giant cell arteritis. Evidence for two components of the disease[END_REF][START_REF] Borkowski | Reactive nitrogen intermediates in giant cell arteritis: selective nitration of neocapillaries[END_REF][START_REF] Kaiser | Formation of new vasa vasorum in vasculitis. Production of angiogenic cytokines by multinucleated giant cells[END_REF][START_REF] Segarra | Gelatinase expression and proteolytic activity in giant-cell arteritis[END_REF]:

-Adventitial CD68 + TGF-β1 macrophages produce IL-1β and IL-6 in the vicinity of IFN-γ producing CD4 + T cells; -Intimal macrophages express nitric oxide synthase (NOS)-2; and -Macrophages at the intima-media junction synthesize several metalloproteinases and VEGF.

However, to date, no sufficient data on macrophage subtypes involved in GCA are available [START_REF] Jiemy | Positron emission tomography (PET) and single photon emission computed tomography (SPECT) imaging of macrophages in large vessel vasculitis: Current status and future prospects[END_REF].

Additionally, macrophages can merge into giant cells that are also able to secrete VEGF, platelet-derived growth factor (PDGF), matrix metalloproteinases (MMP-2 and MMP-9) and reactive oxygen species [START_REF] Kaiser | Formation of new vasa vasorum in vasculitis. Production of angiogenic cytokines by multinucleated giant cells[END_REF][START_REF] Kaiser | Platelet-derived growth factor, intimal hyperplasia, and ischemic complications in giant cell arteritis[END_REF][START_REF] Rodríguez-Pla | Metalloproteinase-2 and -9 in giant cell arteritis: involvement in vascular remodeling[END_REF][START_REF] Rittner | Tissue-destructive macrophages in giant cell arteritis[END_REF].

Other involved factors

Other factors have been described in GCA, although their exact roles remain to be established.

Regarding B cells, the number of circulating tumor necrosis factor (TNF)-α effector B cells is decreased in patients with GCA, probably through redistribution, and the numbers are normalized in treated patients, but effector B cells that returned have an increased capacity to produce IL-6 [START_REF] Van Der Geest | Disturbed B cell homeostasis in newly diagnosed giant cell arteritis and polymyalgia rheumatica[END_REF]. Tertiary lymphoid organs have been described in the temporal arteries of patients with GCA [START_REF] Ciccia | Ectopic expression of CXCL13, BAFF, APRIL and LT-β is associated with artery tertiary lymphoid organs in giant cell arteritis[END_REF]. Additionally, massive B cell infiltration mainly occurs in the adventitia of aorta of patients with GCA presenting with large-vessel vasculitis, including tertiary lymphoid organs with active germinal centers and plasma cell niches. However, this infiltration may reflect a later stage in the GCA immunological process than in temporal arteries [START_REF] Graver | Massive B-Cell Infiltration and Organization Into Artery Tertiary Lymphoid Organs in the Aorta of Large Vessel Giant Cell Arteritis[END_REF].

Increased

numbers of circulating activated neutrophils (CD16 hi AnxA1 hi CD62L lo CD11b hi ) have also been observed [START_REF] Nadkarni | Investigational analysis reveals a potential role for neutrophils in giant-cell arteritis disease progression[END_REF].

Several microribonucleic acids, which inhibit gene expression at the post-transcriptional level, are overexpressed in temporal arteries of patients with GCA [START_REF] Croci | MicroRNA markers of inflammation and remodelling in temporal arteries from patients with giant cell arteritis[END_REF].

2.3.Vascular remodeling

The final step is vascular remodeling, which occurs secondary to the secretion of several 

Experimental models

Most of the current knowledge of the pathophysiology of GCA relies on bioassays using blood and temporal arteries, and histological analyses of temporal arteries and very few aortic aneurysms from patients with GCA. The limitations of these analyses prevent from researchers determining the implications of specific targets and studying the effects of targeted treatments.

Therefore, several experimental models have been developed. However, to date, a perfect model for GCA is not available, particularly for studies of large-vessel vasculitis. In our opinion, a useful preclinical animal model for large-vessel involvement in GCA would fulfill at least 2 characteristics: 1) large-vessel involvement with similar characteristics to human giant cell arteritis with macrophage infiltration, intimal hyperplasia, neoangiogenesis and fragmentation of the internal elastic lamina; and 2) this arterial inflammation would be sufficiently severe to be evaluated using a non-invasive metabolic imaging in order to assess the in vivo effects of potentially effective treatments. Here, we describe the main models described in the literature.

3.1.Experimental models of temporal artery involvement

The most frequently used experimental model of GCA is the subcutaneous engraftment of GCA temporal arteries into severe combined immunodeficient mice or the engraftment of human healthy temporal arteries associated with the infusion of peripheral blood mononuclear cells from patients with GCA. This model allows researchers to reproduce the abnormalities observed in the temporal arteries of patients with GCA and to dissect several pathophysiological processes involved in GCA [START_REF] Pryshchep | Vessel-specific Toll-like receptor profiles in human medium and large arteries[END_REF][START_REF] Zhang | Immunoinhibitory checkpoint deficiency in medium and large vessel vasculitis[END_REF][START_REF] Brack | Giant cell vasculitis is a T cell-dependent disease[END_REF][START_REF] Piggott | Blocking the NOTCH pathway inhibits vascular inflammation in large-vessel vasculitis[END_REF][START_REF] Brack | Glucocorticoid-mediated repression of cytokine gene transcription in human arteritis-SCID chimeras[END_REF].

Another model is the culture of temporal arteries from patients with GCA in a tridimensional matrix [START_REF] O'neill | Regulation of Inflammation and Angiogenesis in Giant Cell Arteritis by Acute-Phase Serum Amyloid A[END_REF], where differences in gene expression in temporal arteries between patients and controls are preserved [START_REF] Corbera-Bellalta | Changes in biomarkers after therapeutic intervention in temporal arteries cultured in Matrigel: a new model for preclinical studies in giant-cell arteritis[END_REF].

3.2.Experimental models of large-vessel vasculitis

As no model perfectly mimics GCA, several mouse models have been studied in a limited number of publications. These models are broadly divided into 2 types: (1) knock-out mice for a specific gene involved in an inflammatory pathway associated with GCA; and (2) mice infected with herpes viruses, models in which aortitis can be more severe if mice also lack a gene in the IFN-γ pathway, or other microbiological agents.

Therefore, IL-1rn -/-mice, which are deficient in the gene encoding an IL-1 receptor antagonist, develop a transmural aortitis with macrophages and Th1 cells, associated with activated dendritic cells, neoangiogenesis and the destruction of elastic fibers [START_REF] Nicklin | Arterial inflammation in mice lacking the interleukin 1 receptor antagonist gene[END_REF][START_REF] Matsuki | Involvement of tumor necrosis factor-alpha in the development of T cell-dependent aortitis in interleukin-1 receptor antagonist-deficient mice[END_REF][START_REF] Shepherd | Elastic-vessel arteritis in interleukin-1 receptor antagonist-deficient mice involves effector Th1 cells and requires interleukin-1 receptor[END_REF].

However, these mice do not represent a pure GCA model, as no giant cells have been observed, a chronic inflammatory polyarthritis resembling rheumatoid arthritis with synovial inflammation and granulation tissue has been described [START_REF] Horai | Development of chronic inflammatory arthropathy resembling rheumatoid arthritis in interleukin 1 receptor antagonist-deficient mice[END_REF] and skin inflammation with parakeratosis and neutrophil-rich microabscesses similar to psoriasis [START_REF] Shepherd | Psoriasis-like cutaneous inflammation in mice lacking interleukin-1 receptor antagonist[END_REF] and gut involvement reproducing features of inflammatory bowel diseases [START_REF] Dosh | Interleukin 1 is a key driver of inflammatory bowel disease-demonstration in a murine IL-1Ra knockout model[END_REF] have been reported.

The latter manifestations might at least partially be explained by the role of IL-1 signaling in Th17 differentiation [START_REF] Chung | Critical regulation of early Th17 cell differentiation by interleukin-1 signaling[END_REF]. Interestingly, this mouse model is highly dependent on the genetic background, as more than 50% of BALB/c IL-1rn -/-mice develop aortitis at 12 weeks, whereas no C57BL/6 IL-1rn -/-mice present aortitis, but develop femoral aneurysms at 10 months [START_REF] Nicklin | Arterial inflammation in mice lacking the interleukin 1 receptor antagonist gene[END_REF][START_REF] Matsuki | Involvement of tumor necrosis factor-alpha in the development of T cell-dependent aortitis in interleukin-1 receptor antagonist-deficient mice[END_REF][START_REF] Shepherd | Psoriasis-like cutaneous inflammation in mice lacking interleukin-1 receptor antagonist[END_REF][START_REF] Isoda | Deficiency of interleukin-1 receptor antagonist promotes spontaneous femoral artery aneurysm formation in mice[END_REF].

Mice deficient in Interferon Regulatory Factor 4 Binding Protein develop a large-vessel vasculitis with the infiltration of mononuclear cells, including giant cells, and destruction of the internal elastic lamina secondary to an increase in the expression of IL-21 and IL-17A by T cells. These mice also exhibit rheumatoid arthritis-like symptoms due to the expression of rheumatoid factors and anti-cyclic citrullinated peptide antibodies, and occasionally present a medium-vessel vasculitis affecting the kidneys and the lungs [START_REF] Chen | IRF-4-binding protein inhibits interleukin-17 and interleukin-21 production by controlling the activity of IRF-4 transcription factor[END_REF].

Mice lacking the Smad3 gene, which has been implicated in the TGF-β cytokine pathway, develop aortitis with an inflammatory infiltrate composed of CD4 + T cells and macrophages that predominates in the adventitia and media and is associated with intense elastin degradation, thickening of the vascular walls and neovascularization. These mice also develop infections adjacent to the intestinal mucosal surface with multifocal pyogenic abscesses, and therefore a low-grade infection is unable to be excluded as a factor contributing to the development of aortitis [START_REF] Ye | GM-CSF contributes to aortic aneurysms resulting from SMAD3 deficiency[END_REF][START_REF] Yang | Targeted disruption of SMAD3 results in impaired mucosal immunity and diminished T cell responsiveness to TGF-beta[END_REF].

Among the infections in mice responsible for large-vessel vasculitis, herpes viruses have been described in several studies. Therefore, mice infected with murine herpesvirus HV68 develop a focal panarteritis of large-sized arteries, although it is necrotizing and promoted notably by a deficiency in IFN-γ or IFN-γ receptor [START_REF] Weck | Murine gamma-herpesvirus 68 causes severe large-vessel arteritis in mice lacking interferon-gamma responsiveness: a new model for virus-induced vascular disease[END_REF]. Additionally, mice lacking the gene encoding the IFN-γ receptor and infected with the murine cytomegalovirus also develop focal panarteritis [START_REF] Dangler | Murine cytomegalovirus-associated arteritis[END_REF][START_REF] Presti | Interferon gamma regulates acute and latent murine cytomegalovirus infection and chronic disease of the great vessels[END_REF]. Mice chronically infected with Trypanosoma cruzi develop aortitis predominating in the thoracic section, along with a mononuclear infiltrate in the adventitial layer [START_REF] Sunnemark | Cellular and cytokine characterization of vascular inflammation in CBA/J mice chronically infected with Trypanosoma cruzi[END_REF].

Another model involves the local application of periadventitial elastase to the thoracic aorta in mice, inducing thoracic aortic aneurysm with elastin degradation and inflammatory cell infiltration. In this model, genetic or pharmacological inhibition of IL-1β or IL-6

decreases the formation and/or the progression of aneurysms [START_REF] Johnston | Inhibition of interleukin-1β decreases aneurysm formation and progression in a novel model of thoracic aortic aneurysms[END_REF][START_REF] Pope | Interleukin-6 Receptor Inhibition Prevents Descending Thoracic Aortic Aneurysm Formation[END_REF].

Without providing details, we also mention the several models of abdominal aneurysms, because aneurysms share many common histological findings, regardless of their etiology, such as inflammatory infiltrate and proteolysis by MMPs [START_REF] Yoshikane | JNK is critical for the development of Candida albicans-induced vascular lesions in a mouse model of Kawasaki disease[END_REF]. For example, the mouse models of the medium-size vasculitis Kawasaki disease are interesting. Indeed, in addition to the development of coronary arteritis and/or myocarditis, in mouse models of vasculitis induced with the Lactobacillus casei cell wall extract or Candida albicans cell wall extract, abdominal aorta dilation and aneurysms occur with transmural inflammation and neointimal hyperplasia. Interestingly, treatment with anti-IL-1α or -1β antibodies or IL-1 receptor antagonist or mice lacking these genes or macrophage depletion prevent the development of abdominal aneurysms in the mouse model of vasculitis induced by the L. casei cell wall extract [START_REF] Yoshikane | JNK is critical for the development of Candida albicans-induced vascular lesions in a mouse model of Kawasaki disease[END_REF][START_REF] Wakita | Role of Interleukin-1 Signaling in a Mouse Model of Kawasaki Disease-Associated Abdominal Aortic Aneurysm[END_REF].

Treatment

The standard treatment for GCA relies on corticosteroids, but approximately 50% of patients will experience at least one relapse, and up to 90% will experience adverse effects [START_REF] Dumont | Factors Associated with Relapse and Dependence on Glucocorticoids in Giant Cell Arteritis[END_REF][START_REF] Dunstan | Epidemiology of biopsyproven giant cell arteritis in South Australia[END_REF][START_REF] Mainbourg | Prevalence of giant cell arteritis relapse in patients treated with glucocorticoids: a meta-analysis[END_REF][START_REF] Proven | Glucocorticoid therapy in giant cell arteritis: duration and adverse outcomes[END_REF][START_REF] Souza Aws De | Giant cell arteritis: a multicenter observational study in Brazil[END_REF]. Additionally, although corticosteroids decrease in Th17 cytokine production (IL-1β, IL-6, IL-23 and IL-17), corticosteroids are unable to inhibit the Th1 pathway, the secretion of TGF-β1 from macrophages and the expression of vascular remodeling factors [START_REF] Deng | Th17 and Th1 T-cell responses in giant cell arteritis[END_REF][START_REF] Brack | Glucocorticoid-mediated repression of cytokine gene transcription in human arteritis-SCID chimeras[END_REF][START_REF] Corbera-Bellalta | Changes in biomarkers after therapeutic intervention in temporal arteries cultured in Matrigel: a new model for preclinical studies in giant-cell arteritis[END_REF], and therefore vascular inflammation may persist for up to 1 year from the diagnosis based on repetitive temporal artery biopsies [START_REF] Maleszewski | Clinical and pathological evolution of giant cell arteritis: a prospective study of follow-up temporal artery biopsies in 40 treated patients[END_REF] or repetitive 18 Ffluorodeoxyglucose combined with computed tomography [START_REF] Blockmans | Repetitive 18F-fluorodeoxyglucose positron emission tomography in giant cell arteritis: a prospective study of 35 patients[END_REF][START_REF] De Boysson | Repetitive 18F-FDG-PET/CT in patients with large-vessel giant-cell arteritis and controlled disease[END_REF]. Conventional immunosuppressants have been used, but few and disappointing results have been reported [START_REF] Schaufelberger | No additional steroid-sparing effect of cyclosporine A in giant cell arteritis[END_REF][START_REF] Silva | Azathioprine in giant cell arteritis/polymyalgia rheumatica: a double-blind study[END_REF]. Only methotrexate appears to exert a glucocorticoid-sparing effect [START_REF] Hoffman | A multicenter, randomized, double-blind, placebo-controlled trial of adjuvant methotrexate treatment for giant cell arteritis[END_REF][START_REF] Mahr | Adjunctive methotrexate for treatment of giant cell arteritis: an individual patient data meta-analysis[END_REF].

Based on the advances in our understanding of the pathophysiology of GCA, biological treatments have been developed. Most of the data relate to anti-TNF-α, but the results were negative [START_REF] Hoffman | Infliximab for maintenance of glucocorticosteroid-induced remission of giant cell arteritis: a randomized trial[END_REF][START_REF] Martínez-Taboada | A double-blind placebo controlled trial of etanercept in patients with giant cell arteritis and corticosteroid side effects[END_REF]. An anti-IL-6 therapy recently showed efficacy in inducing and maintaining the remission of GCA, leading to its approval as a treatment for GCA [START_REF] Stone | Trial of Tocilizumab in Giant-Cell Arteritis[END_REF][START_REF] Stone | LONG-TERM OUTCOME OF TOCILIZUMAB FOR PATIENTS WITH GIANT CELL ARTERITIS: RESULTS FROM PART 2 OF THE GIACTA TRIAL[END_REF][START_REF] Villiger | Tocilizumab for induction and maintenance of remission in giant cell arteritis: a phase 2, randomised, double-blind, placebo-controlled trial[END_REF][START_REF] Rossi | Low-dose tocilizumab for relapsing giant cell arteritis in the elderly, fragile patient: Beyond the GiACTA trial[END_REF].

Conclusions

In the temporal arteries of patients with GCA, activated adventitial DCs recruit and polarize CD4 + T cells to differentiate into Th1, Th17, Th9 and tissue-resident memory T cells.

Subsequently, other immune cells, particularly macrophages and CD8 + T cells, are also recruited and activated. These cells will synthesize pro-inflammatory cytokines, metalloproteinases, growth factors and reactive oxygen species, leading to the destruction and remodeling of the arterial wall and the clinical symptoms of the disease. A better understanding of the pathophysiology of GCA, particularly large-vessel vasculitis that responds poorly to steroids, is needed to develop targeted and efficient treatments for aortitis without the adverse effects associated with long-term steroid use. (D) Under the influence of the pro-inflammatory environment, CD4 + T cells differentiate into T helper (Th)1, Th17 and Th9 cells. (E) Due in particular to interferon-γ, macrophages are recruited and will attain distinct functions, depending on the arterial layer: adventitial macrophages produce interleukin-1β and -6; macrophages at the intima-media junction synthesize several metalloproteases and vascular endothelial growth factor; and intimal macrophages express nitric oxide synthase-2. Additionally, macrophages may merge into giant cells that are also able to secrete growth factors, metalloproteases and reactive oxygen species. These factors contribute to vascular remodeling, which is characterized by neoangiogenesis, intimal proliferation and destruction of the media and the internal elastic lamina. The inflammatory events reinforce each other in a vicious cycle, notably by inducing neoangiogenesis and an increase in the expression of adhesion molecules, chemokines and interleukins.

Figure captions

  ) In a vicious cycle, interferon (IFN)-γ, which is synthesized by T helper (Th)1 cells and macrophages, increases ICAM-1 and VCAM-1 expression on vascular smooth muscle cells, and IFN-γ also induces the expression of CXCL9, CXCL10 and CXCL11 by vascular smooth muscle cells that participate in the recruitment of Th1 and CD8 + cells [58,69-71]. (5) The intracellular IL-23p19 peptide, which is produced by endothelial cells (notably adventitial capillaries) upon stimulation with pro-inflammatory signals, increases the expression of ICAM-1 and VCAM-1 on endothelial cells, favoring the adhesion and transmigration of immune cells [72]. (6) Adventitial DCs are PD-L1 low in patients with GCA, favoring the enrichment of interleukin (IL)-17, IL-21, interferon (IFN)-γ-producing PD1 + effector T cells in temporal arteries that function in neoangiogenesis, endothelial activation and intimal hyperplasia [58].

  enzymes and growth factors by the previously described cell populations. Therefore, VEGF participates in neoangiogenesis in the intimal and medial layers. PDGF participates in the proliferation and migration of the smooth muscle cells responsible for intimal hyperplasia.MMP-2 and MMP-9 participate in neoangiogenesis, intimal hyperplasia, T cell and macrophage invasion of the basal membrane and the destruction of the matrix, and reactive oxygen species participate in tissue destruction[START_REF] Kaiser | Formation of new vasa vasorum in vasculitis. Production of angiogenic cytokines by multinucleated giant cells[END_REF][START_REF] Kaiser | Platelet-derived growth factor, intimal hyperplasia, and ischemic complications in giant cell arteritis[END_REF][START_REF] Rodríguez-Pla | Metalloproteinase-2 and -9 in giant cell arteritis: involvement in vascular remodeling[END_REF][START_REF] Rittner | Tissue-destructive macrophages in giant cell arteritis[END_REF][START_REF] Lozano | Imatinib mesylate inhibits in vitro and ex vivo biological responses related to vascular occlusion in giant cell arteritis[END_REF][START_REF] Watanabe | MMP (Matrix Metalloprotease)-9-Producing Monocytes Enable T Cells to Invade the Vessel Wall and Cause Vasculitis[END_REF][START_REF] Burja | A concise review of significantly modified serological biomarkers in giant cell arteritis, as detected by different methods[END_REF]. Vascular smooth muscle cells from the temporal arteries of patients with GCA exhibit increased expression of endothelin-1, endothelin receptors and nerve growth factor, which increase smooth muscle cell proliferation and/or migration towards the intima, brain-derived neurotrophic factor that stimulates their migration, and nitric oxide synthase, which potentially plays a role in neoangiogenesis[START_REF] Régent | Molecular analysis of vascular smooth muscle cells from patients with giant cell arteritis: Targeting endothelin-1 receptor to control proliferation[END_REF][START_REF] Weyand | Correlation of the topographical arrangement and the functional pattern of tissue-infiltrating macrophages in giant cell arteritis[END_REF][START_REF] Ly | Neurotrophins are expressed in giant cell arteritis lesions and may contribute to vascular remodeling[END_REF][START_REF] Planas-Rigol | Endothelin-1 promotes vascular smooth muscle cell migration across the artery wall: a mechanism contributing to vascular remodelling and intimal hyperplasia in giant-cell arteritis[END_REF]. Additionally, endothelin-1, which is specifically expressed by infiltrating mononuclear cells, stimulates the release of MMP-2 by vascular smooth muscle cells, which may also participate in the fragmentation of the internal elastic lamina and the subsequent migration of vascular smooth muscle cells[START_REF] Planas-Rigol | Endothelin-1 promotes vascular smooth muscle cell migration across the artery wall: a mechanism contributing to vascular remodelling and intimal hyperplasia in giant-cell arteritis[END_REF]. Serum amyloid A, a protein synthesized by several cells, including macrophages, endothelial cells and vascular smooth muscle cells, is responsible for increases in IL-6, IL-8 and MMP-9 levels, angiogenesis and myofibroblast outgrowth and may promote the migration of immune cells[START_REF] O'neill | Regulation of Inflammation and Angiogenesis in Giant Cell Arteritis by Acute-Phase Serum Amyloid A[END_REF][START_REF] Dartevel | Serum amyloid A as a marker of disease activity in Giant cell arteritis[END_REF].
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 1 Fig. 1. Pathophysiology of giant cell arteritis. (A) Immature adventitial dendritic cells sense danger signals because they express Toll-like receptors. (B) Upon the activation of these adventitial dendritic cells by an unknown stimulus, dendritic cells synthesize several chemokines and their receptors, which are responsible for trapping dendritic cells in the temporal arteries. (C) These adventitial dendritic cells recruit and activate naive CD4 + T cells.(D) Under the influence of the pro-inflammatory environment, CD4 + T cells differentiate into T helper (Th)1, Th17 and Th9 cells. (E) Due in particular to interferon-γ, macrophages are recruited and will attain distinct functions, depending on the arterial layer: adventitial macrophages produce interleukin-1β and -6; macrophages at the intima-media junction synthesize several metalloproteases and vascular endothelial growth factor; and intimal macrophages express nitric oxide synthase-2. Additionally, macrophages may merge into giant cells that are also able to secrete growth factors, metalloproteases and reactive oxygen species. These factors contribute to vascular remodeling, which is characterized by neoangiogenesis, intimal proliferation and destruction of the media and the internal elastic lamina. The inflammatory events reinforce each other in a vicious cycle, notably by inducing neoangiogenesis and an increase in the expression of adhesion molecules, chemokines and interleukins.
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