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Deregulation of metabolism and induction of vascularization are major hallmarks of cancer.

Compared to normal tissues, tumors enhance aerobic glycolysis (Warburg effect), and trigger the growth of new blood vessels (angiogenesis). However, neo-angiogenesis is imperfect in structure and function, and metabolic adaptations of cancer and stromal cells appear during tumor development. Using a new multimodal preclinical imaging instrument, we explored the relationship between vascularization and tumor metabolism, both under normal conditions and under anti-angiogenic therapy with sunitinib in a murine model of paraganglioma (PGL).

Combining positron emission tomography (PET), computed tomography (CT) and ultrafast ultrasound images (UUI), we acquired simultaneously co-registered images of glucose metabolism by 18 F-FDG-PET, tumour volume with CT, and neo-angiogenesis with UUI. PET-CT-UUI imaged the tumor evolution in a mouse model of hereditary paraganglioma carrying a mutation in the gene coding for the subunit B of succinate dehydrogenase (SDHB). The invalidation of the enzymatic activity of SDHB causes an intracellular accumulation of succinate creating a situation of "pseudohypoxia" with increased expression of genes involved in angiogenesis (VEGF) and glycolytic metabolism (GLUT1). Patients with SDHB -/-PGLs have increased metastases and poor prognosis and they often show long-term drug resistance when treated with sunitinib. The relationship between metabolism and tumor vascularization was studied in Sdhb -/-tumor allografts in the fat pad of nude mice, obtained by double knockout of Sdhb gene in immortalized mouse chromaffin cells (imCC). The mice were divided into two groups: one group (n=19) received sunitinib (50mg/kg/die) during 6 weeks, the other vehicle (n=14) during 3 weeks. Mice were monitored weekly with PET-CT-UUI, then euthanized and histological analysis of tumor and cardiac tissues performed.
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and total lesion glycolysis (FDG) at W1 of treatment correlated with tumor volume at week 6 (W6). At W3, the levels of expression of hexokinase 2 (HK2), monocarboxylate transporters 1 and 4 (MCT1, MCT4) and lactate dehydrogenase A (LDHA) increased in sunitinib-treated mice and became similar to those of the vehicle group at W6. In addition, infiltration of surrounding adipose tissue by tumour cells was observed at W3 and W6 of treatment. Both in vivo and in vitro imaging showed that the switch of tumor metabolism to anaerobic glycolysis at W3 occurs prior to escape from the anti-angiogenic effect.

In a second part, we examined the cardiotoxic effects of sunitinib. Under treatment, cardiac FDG uptake increased at W1. Interestingly, the level of increase was correlated with the left ventricular mass at W6. At W6, the hearts presented increased fibrosis and shortening fraction (SF) suggesting cardiac hypertrophy.

In summary, combining longitudinal imaging studies of tumour-bearing mice with histological and molecular analysis demonstrates that the escape of tumours from anti-angiogenic treatment occurs initially through metabolic adaptation, followed by resuming of tumour and vessel growth. Interestingly, metabolic changes precede both tumour escape and cardiotoxicity. Overall, these results support the use of metabolic imaging for the follow-up of cancer therapy.
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Résumé en français

La dérégulation du métabolisme et l'induction de la vascularisation sont deux caractéristiques importantes des tumeurs malignes, qui ont une glycolyse aérobie accrue (effet Warburg) et développent de nouveaux vaisseaux sanguins (néo-angiogenèse) anormaux. D'autres adaptations métaboliques des cellules tumorales et stromales apparaissent pendant la croissance tumorale. Nous avons exploré, avec un nouvel instrument d'imagerie préclinique multimodal, la relation entre vascularisation et métabolisme tumoral, au cours du traitement anti-angiogénique par le sunitinib dans un modèle murin de paragangliome (PGL).

En combinant la tomographie par émission de positons (TEP), la tomodensitométrie (TDM) et l'imagerie ultrasonore ultra-rapide (UUI), nous avons analysé simultanément la croissance tumorale (TDM), le métabolisme glucidique (TEP-FDG) et la vascularisation (UUI) chez un modèle murin de paragangliome héréditaire obtenu par élimination de la sous-unité B de la succinate déshydrogénase (SDHB). Cette mutation invalide l'activité enzymatique et entraine l'accumulation intracellulaire de succinate, ce qui crée une situation de «pseudohypoxie». Les patients porteurs de PGL avec mutation SDHB présentent souvent des métastases et ont un mauvais pronostic, et échappent fréquemment au traitement par sunitinib. Des allogreffes tumorales SDHB -/-implantées dans le coussinet adipeux de souris nude ont été obtenues par invalidation du gène Sdhb dans les cellules chromaffines immortalisées de souris (imCC). Les souris ont été reparties en deux groupes: un groupe (n=19) a reçu du sunitinib (50kg/mg/jour) pendant 6 semaines, l'autre (n=14) l'excipient pendant 3 semaines. Elles ont été suivies par PET-CT-UUI chaque semaine avant euthanasie et les tissus tumoraux et cardiaques analysés par histologie.

L'imagerie PET-CT-UUI a montré l'efficacité thérapeutique du sunitinib: inhibition de la croissance tumorale et de l'angiogenèse de la semaine 1 (S1) à la semaine 3 (S3), et réduction du métabolisme glycolytique à S1. L'échappement au traitement a été observé dès S3 par la reprise du métabolisme glucidique, suivie par la croissance tumorale à la semaine 4 (S4) et la reprise de la croissance vasculaire à S4-S5. L'analyse topographique comparée de la TEP et de l'UUI co-enregistrées et recalées a montré que les néo-vaisseaux se développaient préférentiellement dans les régions de captation élevée du FDG. Par ailleurs nous avons observé que la diminution de la longueur maximale des vaisseaux et la glycolyse totale des lésions après une semaine de traitement était corrélée au volume tumoral à 6 semaines. À S3, les taux d'expression de l'hexokinase 2, des transporteurs monocarboxylates 1 et 4 et de la lactate déshydrogénase A étaient augmentés chez les souris traitées au sunitinib et comparables à ceux du groupe véhicule à S6. Les résultats d'imagerie in vivo et in vitro confirment donc que le changement de métabolisme tumoral vers une glycolyse anaérobique à S3 précède l'échappement des vaisseaux tumoraux à la thérapie anti-angiogénique.

Dans une deuxième partie, étudiant les effets cardiotoxiques du sunitinib, nous avons montré que la captation de FDG par le coeur a augmenté dès S1. Il est intéressant de noter que l'augmentation était corrélée avec la masse ventriculaire gauche à S6. A S6, les coeurs présentaient une fibrose accrue et une fraction de raccourcissement (SF) augmentée, indiquant une hypertrophie cardiaque.

En résumé, la combinaison d'études longitudinales de souris porteuses de tumeurs par imagerie et d'analyse histologique et moléculaire démontre que l'échappement des tumeurs au traitement anti-angiogénique se produit d'abord par adaptation métabolique, suivie dans un second temps d'une reprise de la croissance tumorale et vasculaire. Les changements métaboliques précèdent donc la reprise de la néo-angiogenèse et la cardiotoxicité. Ces résultats soutiennent l'utilisation de l'imagerie métabolique pour le suivi du traitement du cancer.
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General introduction

Cancer is the second leading cause of death worldwide. In Europe, cancer represented an estimated 3.91 million new cases and 1.93 million deaths in 2018 [START_REF] Colombet | Cancer incidence and mortality patterns in Europe: Estimates for 40 countries and 25 major cancers in 2018[END_REF]; and in France, 455,618 new cases per year and 150,000 deaths in 2017 (84,000 men and 66,000 women) [2]. In men, the most frequent localization for solid tumors are prostate, lung, colon-rectum cancer, and in women, breast, lung, colon-rectum, uterus and thyroid [3]. Cancers can invade tissues leading to a metastatic phenotype (malignant tumor), which is the major cause of death [START_REF] Chakraborty | The difficulties in cancer treatment[END_REF].

Thereby, early diagnosis is needed to define precisely the type of cancer, in order to choose the most efficient treatment and reduce mortality. Tumors are composed by tumor cells with different morphological and phenotypic profiles. The inter-tumor heterogeneity (between tumors) and intra-tumor heterogeneity (within tumors) represent a challenge for diagnosis and treatment [3]. The diagnosis must be early, precise and predictive and the treatment must be efficacious and not toxic. This inter-and intra-heterogeneity is determined in part by the tumor's genetic background.

Cancer is a complex disease leading to uncontrolled cell division. Somatic mutations in key genes caused by the environment may trigger cancer development in a stochastic manner. In some rare cases, including paraganglioma and pheochromocytoma, germline mutations of specific genes induce a genetic predisposition to cancer development. However, most of the time, cancer diagnostic remains based on phenotypic manifestations and genetic exploration is restricted to patients with specific forms of cancers, or to their relatives. Here, we investigate a special case of genetically-predisposed cancer: succinate dehydrogenase B (SDHB)-related paraganglioma (PGL). In Sdhb-mutated PGLs, the tumorigenic phenotype is caused by a double mutation of the Sdhb gene: a single germline mutation that has no pathological phenotype and a second mutation leading to a loss of function of SDHB.

Tumors are phenotypically characterized by several hallmarks [START_REF] Hanahan | Hallmarks of Cancer: The Next Generation[END_REF]. In particular, there is a close relationship between tumor vascularization (angiogenesis) and metabolism, two major hallmarks of cancer [START_REF] Hanahan | Hallmarks of Cancer: The Next Generation[END_REF]. To proliferate, cancer cells need access to the nutriments and oxygen delivered by tumor vessels. However, a decrease in the blood vascular supply leads to nutrient deficiency and oxidative stress, and creates a situation of hypoxia [START_REF] Gordan | Hypoxia Inducible Factors: Central Regulators of the Tumor Phenotype[END_REF]. Angiogenesis is the physiological process for the development of new vasculature from pre-existing vessels [START_REF] Sherwood | Tumor Angiogenesis: Therapeutic Implications[END_REF].

Judath Folkman postulated that angiogenesis inhibitors could be used as anti-cancer drugs [START_REF] Folkman | Anti-angiogenesis: new concept for therapy of solid tumors[END_REF]. Indeed, anti-angiogenic therapies (AAT) have shown clinical benefits for the treatment of several tumor types, especially in highly vascularized tumors such as Renal Cell Carcinoma (RCC) and some PGLs [START_REF] Canu | Sunitinib in the therapy of malignant paragangliomas: report on the efficacy in a SDHB mutation carrier and review of the literature[END_REF]. However, shutting down angiogenesis can trigger the expression of other hallmarks of cancer, such as metabolism, and may eventually lead to treatment resistance. Here, we explored the effect of sunitinib in the Sdhb -/-tumor model which has a hyper-vascularized and hyper-glycolytic phenotype, as Sdhb -/-tumors are known to often acquire resistance to AAT.

The rationale development of tumor-specific therapies is based on targeting specifically one or several hallmarks in order to maximize efficiency and minimize toxicity [START_REF] Chabner | Chemotherapy and the war on cancer[END_REF]. Monitoring multiple hallmarks of cancer could help to understand and predict the efficacy of targeted therapies and ideally to describe the different hallmarks of cancer by multiple parameters.

Noninvasive in vivo imaging methods are ideal to monitor cancer treatment. However, since a combination of morphological, metabolic and functional information are needed, for multiple imaging techniques (hybrid imaging) would be necessary to follow a combination of multiple hallmarks for cancer management. The development of quantitative imaging biomarkers is an active field of research for localizing cancer, for tumor staging and for predicting precisely and precociously the efficacy of treatment.

The motivation for our study was to develop simultaneous non-invasive imaging of tumor metabolism and vascularization, in order to provide relevant information on AAT resistance in a SDHB-related PGL tumor model.

Specifically, the aim was to contribute to the evaluation of in vivo imaging biomarkers during the resistance of AAT in a Sdhb-mutated paraganglioma murine model that could describe molecularly the pathogenesis and also be predictive of drug resistance.

1 Cancer

Definition

Cancer is a disease characterized by an uncontrolled division of abnormal cells that can invade nearby tissues (metastasis) in a second phase [START_REF]Comprehensive Cancer Information[END_REF]. The uncontrolled growth is caused by an accumulation of successive mutations in genes that change the cell functions [START_REF] Lodish | Proto-Oncogenes and Tumor-Suppressor Genes[END_REF].

Classification

There are three types of cancer: carcinoma, sarcoma and leukemia [START_REF] Baluk | Cellular abnormalities of blood vessels as targets in cancer[END_REF]. Carcinoma are the most frequent and they arise from epithelial cells. Sarcomas are formed in bone and soft tissues (muscle, fat, blood vessels, lymph vessels and fibrous tissue). Finally, leukemia are cancers that stem from the blood-forming cells of the bone marrow, they do not form solid tumors.

Tumor microenvironment composition

Any neoplasm is composed of different cellular subsets. The tumor microenvironment assembles different types of cells in solid tumors, both in the parenchyma and stroma component (Figure 1): cancer cells and cancer stem cells have high phenotypic plasticity and make the tumor heterogeneous. For instance, the Epithelial Mesenchymal Transition (EMT) converts epithelial carcinoma cells into mesenchymal fibroblast-like cancer cells [START_REF] Hallani | A new alternative mechanism in glioblastoma vascularization: tubular vasculogenic mimicry[END_REF][START_REF] Ricci-Vitiani | Tumour vascularization via endothelial differentiation of glioblastoma stem-like cells[END_REF][START_REF] Zhou | A role for cancer-associated fibroblasts in inducing the epithelial-to-mesenchymal transition in human tongue squamous cell carcinoma[END_REF]. The tumor is also composed of endothelial cells and pericytes that form tumor vessels, and of cancer-associated fibroblasts that can be fibroblast-like cells with structural function or myofibroblasts expressing alpha-smooth muscle actine (α-SMA) enhancing tumor proliferation [START_REF] Fujita | α-Smooth Muscle Actin Expressing Stroma Promotes an Aggressive Tumor Biology in Pancreatic Ductal Adenocarcinoma[END_REF]. The immune inflammatory cells can act as tumor-antagonizing or tumorpromoting [START_REF] Grivennikov | Immunity, Inflammation, and Cancer[END_REF]. Different stromal cell types are also present and some of them are derived from mesenchymal stem cells migrating from the bone marrow. They can differentiate in situ (in the tumor) or in the neighboring normal tissue [START_REF] Lohse | Cancer stem cells, the epithelial to mesenchymal transition (EMT) and radioresistance: Potential role of hypoxia[END_REF]. Taken from [START_REF] Hanahan | Hallmarks of Cancer: The Next Generation[END_REF].

Hallmarks of cancer

The interaction between the various components determine tumor cell proliferation and differentiation [START_REF] Ghosh | How tumor growth can be influenced by delayed interactions between cancer cells and the microenvironment[END_REF]. D. Hanahan and R. A. Weinberg first rationalized the complexity of neoplastic disease by describing six biological capabilities in the development of cancer. They concern sustaining proliferative signaling, evading growth suppressors, resisting cell death, enabling replicative immortality, inducing angiogenesis and activating invasion and metastasis [START_REF] Hanahan | The hallmarks of cancer[END_REF]. Later, they added two common characteristics: reprogramming of energy metabolism and evading immune destruction (Figure 2) [START_REF] Hanahan | Hallmarks of Cancer: The Next Generation[END_REF]. 

Hallmarks are interrelated

Complex intracellular signaling networks [START_REF] Sanchez-Vega | Oncogenic Signaling Pathways in The Cancer Genome Atlas[END_REF] link several hallmarks together. For instance, some oncogenes such RAS or MYC can activate proliferative signaling, energy metabolism, angiogenesis, invasion and survival of cancer cells [23] [24]. In addition, genomic instability and inflammation can support multiple hallmark capabilities [START_REF] Hanahan | Hallmarks of Cancer: The Next Generation[END_REF][START_REF] Colotta | Cancer-related inflammation, the seventh hallmark of cancer: links to genetic instability[END_REF]. Inhibiting a specific tumor property should slow down tumor growth and progression. However, given the presence of redundant and parallel signaling pathways, inhibition may not shut off the cancer progression because some cancer cells can survive and undergo selective pressure [START_REF] Mitra | NOVEL DELIVERY APPROACHES FOR CANCER THERAPEUTICS[END_REF] or because one hallmark can enhance the dependence to another. Thus, given the tumor complexity, multitargeting therapies are the rule [START_REF] Mitra | NOVEL DELIVERY APPROACHES FOR CANCER THERAPEUTICS[END_REF][START_REF] Bergers | Modes of resistance to anti-angiogenic therapy[END_REF].

In particular, there is a close relationship between tumor vascularization (angiogenesis) and metabolism [START_REF] Hanahan | Hallmarks of Cancer: The Next Generation[END_REF]. To proliferate, cancer cells need nutriments and oxygen delivered by tumor vessels. However, any decrease in the blood vascular supply leads to a nutriment deficiency and oxidative stress, and creates a situation of hypoxia [START_REF] Gordan | Hypoxia Inducible Factors: Central Regulators of the Tumor Phenotype[END_REF]. Cancer cells can adapt their metabolism to stress conditions [START_REF] Porporato | Anticancer Targets in the Glycolytic Metabolism of Tumors: A Comprehensive Review[END_REF].

Metabolism deregulation

The uncontrolled cellular division requires additional nutriment than those of normal cells.

Normal cells manifest aerobic glycolysis followed by the oxidative phosphorylation metabolism (OXPHOS). They perform anaerobic glycolysis (metabolizing the glucose in lactate) only in the absence of oxygen or at low levels. Otto Warburg first described the up-regulation of glycolysis producing lactate in tumor cells in aerobic conditions. This is now called the Warburg effect [START_REF] Warburg | The metabolism of tumors in the body[END_REF]. Later, in the XXI th century, with the study of the human genome, the overexpression of glycolytic genes was observed in almost 70% of human cancers [START_REF] Altenberg | Genes of glycolysis are ubiquitously overexpressed in 24 cancer classes[END_REF]. This property is currently used in cancer detection, staging and follow-up using Positron Emission Tomography (PET) with 18 F-fluorodeoxyglucose ( 18 F-FDG) [START_REF] Avril | Glucose Metabolism of Breast Cancer Assessed by 18F-FDG PET: Histologic and Immunohistochemical Tissue Analysis[END_REF]. The production of only two

ATPs by the glycolytic pathway instead of 36 ATPs by the oxidative phosphorylation system (OXPHOS) is counterintuitive [START_REF] Deberardinis | Brick by brick: metabolism and tumor cell growth[END_REF]. However, the enhanced glycolytic pathway allows the generation of glycolytic intermediates which are used for anabolic processes like the nucleotide, lipid and amino acid synthesis (Figure 3). Intermediate products are also precursors of fatty acids (FA) and nucleotides. In particular, cancer cells metabolize glutamine, which is converted by the glutaminase (GLS) to glutamate, which is then converted to alpha-ketoglutarate in the Tricarboxylic Acid (TCA) cycle. Glutamine is a nitrogen and carbon source in biosynthetic pathways (nucleotide, amino acids and lipid synthesis) (Figure 4) [START_REF] Deberardinis | Brick by brick: metabolism and tumor cell growth[END_REF]. In hypoxic conditions, glutamine is the precursor of FA synthesis, and glutamate is the precursor of non-essential amino-acids (aspartate, alanine, proline and arginine). Glutamine is also essential for the production of glutathione, an antioxidant component. Most cancer cells highly depend on glutamine for their growth, which is taken up by SLC1A5 [START_REF] Bhutia | Amino Acid Transporters in Cancer and Their Relevance to 'Glutamine Addiction': Novel Targets for the Design of a New Class of Anticancer Drugs[END_REF]. Taken from [START_REF] Porporato | Anticancer Targets in the Glycolytic Metabolism of Tumors: A Comprehensive Review[END_REF].

Furthermore, tumors can increase the synthesis of lipids de novo by converting acetyl-CoA to palmitate with fatty acid synthase. Monoacylglycerol lipase hydrolyses the intracellular triglyceride stores in adipocytes and other cells to FA and glycerol. FA are hydroxylated to become a source of energy for cancer cells [START_REF] Zhang | Monoacylglycerol Lipase: A Novel Potential Therapeutic Target and Prognostic Indicator for Hepatocellular Carcinoma[END_REF].

Tumor hypoxia can be transient or chronic explaining metabolic heterogeneity in the tumor [START_REF] Danhier | Cancer metabolism in space and time: Beyond the Warburg effect[END_REF]. Normally, protons formed by glucose oxidation in the TCA cycle are transferred to the extracellular tumor microenvironment to maintain the intracellular pH at physiological level [START_REF] Alberts | Molecular Biology of the Cell[END_REF]. The Warburg effect creates an excess of free protons in the extracellular space, the microenvironment becomes acid and favors cells resistance to chemotherapy [40] [41].

Tumor vessel structure and function

Angiogenesis is the physiological process of the development of new vasculature from preexisting vessels [START_REF] Sherwood | Tumor Angiogenesis: Therapeutic Implications[END_REF]. This process occurs during embryogenesis and postnatal development, and also for wound and tissue repair [START_REF] Dipietro | Angiogenesis and wound repair: when enough is enough[END_REF][START_REF] Ferrara | Imaging tumor angiogenesis[END_REF]. The induction of angiogenesis, also called "angiogenic switch", depends on the balance between activators and inhibitors (Figure 6 A).

This relies on the microenvironment where the concentration of oxygen and nutriments influence dynamically the angiogenic process [START_REF] Carmeliet | Angiogenesis in health and disease[END_REF][START_REF] Folkman | Angiogenesis: an organizing principle for drug discovery?[END_REF]. During physiological angiogenesis, vessels rapidly mature, while during pathogenic angiogenesis, the disproportionate expression of pro-angiogenesis proteins (activators) against the inhibitors induce abnormal vascularization (Figure 6 A). There are several activators of angiogenesis (Figure 6 B), but the most important is the Vascular Endothelial Growth Factor (VEGF), which we are describing page 54. Adapted from [START_REF] Jain | Normalizing Tumor Microenvironment to Treat Cancer: Bench to Bedside to Biomarkers[END_REF], [START_REF] Mundel | Type IV collagen-derived Angiogenesis Inhibitors[END_REF], [START_REF] Schaaf | Defining the role of the tumor vasculature in antitumor immunity and immunotherapy[END_REF].

Tumor vessels have abnormal organization, structure and function [START_REF] Papetti | Mechanisms of normal and tumor-derived angiogenesis[END_REF], reviewed in [START_REF] Fukumura | Tumor microvasculature and microenvironment: Targets for antiangiogenesis and normalization[END_REF]. In fact, they are variable in size, shape (often dilated), tortuous and randomly branched in comparison with the conventional hierarchical branching of normal vascularization [START_REF] Folkman | Angiogenesis: an organizing principle for drug discovery?[END_REF] (Figure 6 A). They are composed of endothelial cells (EC), pericytes and vascular supporting tissue (Figure 6 C) [START_REF] Bergers | The role of pericytes in blood-vessel formation and maintenance[END_REF]. EC form the inner monolayer in vessels, but in tumors they lack tight junctions. This structural abnormality results in leakiness, which increases interstitial fluid pressure and induces lymph-vessel abnormalities [START_REF] Jain | Dissecting tumour pathophysiology using intravital microscopy[END_REF]. This compromises blood flow, which is slower than in normal vessels, and interferes with drug delivery. EC govern plasma extravasation and intravasation. Hemorrhage can result in tumor's unstable vessels with rapid endothelial cell proliferation and defective pericyte coverage [START_REF] Abramsson | Analysis of mural cell recruitment to tumor vessels[END_REF]. A second component of vessels are the pericytes, cells for vascular development, stabilization, maturation and remodeling [START_REF] Bergers | The role of pericytes in blood-vessel formation and maintenance[END_REF]. They are present in capillaries, postcapillary venules and venules. They express α-SMA, platelet-derived growth factor receptor-β (PDGFR-β), high molecular weight melanoma-associated (NG2) depending on the tissue [START_REF] Furuhashi | Platelet-derived growth factor production by B16 melanoma cells leads to increased pericyte abundance in tumors and an associated increase in tumor growth rate[END_REF]. Tumor pericytes are closely attached to EC [START_REF] Baluk | Cellular abnormalities of blood vessels as targets in cancer[END_REF]. In tumors, pericytes abnormalities depend on changes in the PDGF signaling pathway [START_REF] Abramsson | Analysis of mural cell recruitment to tumor vessels[END_REF]. The third key element is the vascular basement membrane, which tightly envelopes EC and pericytes. It is composed of a complex of proteins, such as type IV collagen, laminin, fibronectin and heparin sulfate proteoglycan. In tumor vessels, the basement membrane is not tightly associated to EC and has several layers of different thickness with holes and extensions into the tumor stroma. The vascular basement membrane also provides angiogenic and anti-angiogenic (AA) molecules [START_REF] Inai | Inhibition of Vascular Endothelial Growth Factor (VEGF) Signaling in Cancer Causes Loss of Endothelial Fenestrations, Regression of Tumor Vessels, and Appearance of Basement Membrane Ghosts[END_REF].

2 Paraganglioma and Pheochromacytoma 

Physiology

Embryonic origin

PGLs are of neural crest origin. Neural crest cells (NCC) arise in the border between the neural plate and the adjacent ectoderm. With the enclosing of the neural tube, they migrate to many different locations and differentiate into many cell types within the embryo, exerting a pluripotent activity [START_REF] Douarin | The "beginnings" of the neural crest[END_REF]. The derived cell types include (1) the neurons and glial cells of the sensory, sympathetic and parasympathetic nervous systems, (2) the epinephrine-producing (medulla) cells of adrenal gland, (3) the pigment-containing cells of the epidermis, and (4) many skeletal and connective tissue components of the head [60].

In particular, NCC also differentiate into cells of the endocrine system by giving rise to chromaffin cells of the adrenal medulla, the chief cells of the extra-adrenal paraganglia, and thyroid C cells. Generically, they are called neuroendocrine cells.

Localization

PGLs are distributed along the paraganglia, i.e. from the neck to the pelvis (Figure 7), the common site of parasympathetic paraganglia being the head and neck region (Figure 7 A). The tumor development involves the glossopharyngeal nerve in the carotid bodies and the jugular and tympanic paraganglia in the middle ear (glomus jugulare and glomus tympanicum).

Sympathetic paraganglia are located in the chest, abdomen or pelvis (Figure 7 B). PGLs are often located in the prevertebral and paravertebral connective tissue, along the inferior hypogastric plexuses, and in the wall of the urinary bladder; the largest ones represent the bilateral adrenal medullas and the organ of Zuckerkandl [START_REF] Asa | The Diagnosis and Clinical Significance of Paragangliomas in Unusual Locations[END_REF]. PGLs can occur in the gallbladder, liver mall abdominal vagus nerve branches, but also in the orbit, mandible, paranasal sinuses, thyroid gland, parathyroid, mediastinum, lungs and heart, gut, pancreas and mesentery. Adapted from [START_REF] Taïeb | Modern nuclear imaging for paragangliomas: beyond SPECT[END_REF][START_REF] Timmers | Superiority of Fluorodeoxyglucose Positron Emission Tomography to Other Functional Imaging Techniques in the Evaluation of Metastatic SDHB -Associated Pheochromocytoma and Paraganglioma[END_REF].

Secretion

PPGLs secrete high quantity of catecholamines: norepinephrine and/or epinephrine and dopamine. Norepinephrine (or noradrenaline) is the main neurotransmitter of the sympathetic nervous system, epinephrine (or adrenaline) is secreted by the adrenal medulla and dopamine is a neurotransmitter of the central nervous system. Norepinephrine is converted into epinephrine by phenylethanolamine-N-methyltransferase (PNMT) in the chromaffin cells of adrenal medulla. Thus, epinephrine is produced mostly in adrenal tumors, while norepinephrine is produced in extra-adrenal tumors. Catecholamines are partially or totally converted into inactive metabolites, such as metanephrine and normetanephrine by the catechol-O-methyltransferase in tumor cells [START_REF] Crout | Turnover and metabolism of catecholamines in patients with pheochromocytoma[END_REF]. Consequently, the release of catecholamines into plasma may be paroxysmal, intermediate or minimal, while a sustained release of metanephrine and normetanephrine into plasma and urine is usually measured in PPGL patients at diagnosis [START_REF] Ilias | Current approaches and recommended algorithm for the diagnostic localization of pheochromocytoma[END_REF]. However, it is important to consider false positives because some drugs can also increase the concentrations of catecholamines (caffeine, β-blockers, tricyclic antidepressives, monoamine oxidase inhibitors, alpha-methyldopa, levodopa, paracetamol) [START_REF] Plouin | Pheochromocytomas and secreting paragangliomas[END_REF].

Parasympathetic PGLs in the head and neck generally have a non-secreting phenotype. This may be caused by the absence of tyrosine hydroxylase, a rate-limiting enzyme in the catecholamine synthesis. Tumors producing dopamine are rare and located extra-adrenally, mostly in the head and neck, without catecholamine secretion.

Symptomatology and diagnostic

Imaging is developed in the chapter 3.

Clinical signs

The secretion of catecholamines predisposes patients to characteristic symptoms such as hypertension, palpitation, throbbing headaches and sweats [START_REF] Jimenez | Treatment for Malignant Pheochromocytomas and Paragangliomas: 5 Years of Progress[END_REF]. 

Biological diagnosis

The recommended diagnosis of uncertain PPGLs is reported in the guidelines of the "COMETE-Cancers de la surrénale" association published in 2014 [START_REF] Lenders | Pheochromocytoma and Paraganglioma: An Endocrine Society Clinical Practice Guideline[END_REF]. Regarding functional PGLs, the recommended biological analyses are: 

Histological diagnosis and malignancy scores

Pheochromocytoma (PCC): The term "pheochromocytoma" derives from the Greek "phaios" (dark), "chroma" (color), "kytos" (cell), and "-oma" (tumor [START_REF] Thompson | Pheochromocytoma of the Adrenal gland Scaled Score (PASS) to separate benign from malignant neoplasms: a clinicopathologic and immunophenotypic study of 100 cases[END_REF] and [START_REF] Kimura | Pathological grading for predicting metastasis in phaeochromocytoma and paraganglioma[END_REF].

A PASS score ≥4 determines a higher risk of malignancy. However, PASS fails to diagnose benign or malignant PCC with an inter-and intra-observer disagreements [START_REF] Wu | Observer variation in the application of the Pheochromocytoma of the Adrenal Gland Scaled Score[END_REF]. In 2014, Kimura and colleagues defined the "grading for adrenal pheochromocytoma and paraganglioma" (GAPP) to determine the histological grade (malignancy) of both PLGs and PPC [START_REF] Kimura | Pathological grading for predicting metastasis in phaeochromocytoma and paraganglioma[END_REF], with fewer histomorphological criteria than in the PASS score (Table 1). Depending on the score, PPGL were classified in well-or moderately-or poorly-differentiated group (Table 2). Recently the same authors identified a risk of stratification using GAPP, for example by using the catecholamine phenotype in PPGLs [START_REF] Kimura | Risk Stratification on Pheochromocytoma and Paraganglioma from Laboratory and Clinical Medicine[END_REF]. Taken from [START_REF] Kimura | Risk Stratification on Pheochromocytoma and Paraganglioma from Laboratory and Clinical Medicine[END_REF].

Since 30-40% of PPGLs are hereditary and 20 genes have been identified, Kimura et al.

proposed to associate genetic profile screening with the GAPP criteria to identify hereditary PPGLs [START_REF] Kimura | Pathological grading for predicting metastasis in phaeochromocytoma and paraganglioma[END_REF]. If the genotype correlates with the phenotype, IHC can be used to detect gene mutations and to define the malignancy grade. IHC of SDHB, SDHA and MAX was recognized an efficient screening method for PPGLs, as proposed some years before [START_REF] Van Nederveen | An immunohistochemical procedure to detect patients with paraganglioma and phaeochromocytoma with germline SDHB, SDHC, or SDHD gene mutations: a retrospective and prospective analysis[END_REF]. However, the association between IHC of SDHB and GAPP score (M-GAPP) enabled to predict the metastatic potential with high sensitivity, but low specificity [START_REF] Koh | Validation of pathological grading systems for predicting metastatic potential in pheochromocytoma and paraganglioma[END_REF]. In fact, SDHB-IHC staining can be positive both for tumors with SDHA, SDHC or SDHD mutations. Recently, a new score called COPPS (Composite Pheochromocytoma/paraganglioma Prognostic Score) has been proposed [START_REF] Pierre | COPPS, a composite score integrating pathological features, PS100 and SDHB losses, predicts the risk of metastasis and progression-free survival in pheochromocytomas/paragangliomas[END_REF].

The vascular pattern of PPGLs is particularly developed. In 2002, Favier et al. observed that the vascular architecture (CD34 immunostaining) in benign PCCs was homogeneous and ordered, while the microvascular pattern of malignant PCCs was chaotic, irregular, composed of arcs, networks and parallels [START_REF] Favier | Angiogenesis and vascular architecture in pheochromocytomas: distinctive traits in malignant tumors[END_REF]. In 2015, the same observation was analyzed in 184 tumors by 6 different observers, which resulted in a mean sensitivity and specificity of predicting the malignancy of 59.7% and 72.9% respectively (Figure 8) [START_REF] Oudijk | Vascular Pattern Analysis for the Prediction of Clinical Behaviour in Pheochromocytomas and Paragangliomas[END_REF]. This was in favor of considering the vascular pattern as a prognostic factor in primary PPGLs, taking into account numerous pathological features (tumor size, necrosis, vascular invasion) and immunohistochemistry (PS100, SDHB) to determine metastasis. (B,C,E,F) malignant tumors. Taken from [START_REF] Oudijk | Vascular Pattern Analysis for the Prediction of Clinical Behaviour in Pheochromocytomas and Paragangliomas[END_REF].

It is important to remember that in 2017, WHO replaced the term "malignant PPGL" by "metastatic PPGL". They also included molecular genetic information in adrenal cortical carcinoma and PPGL classification [START_REF] Lam | Update on Adrenal Tumours in 2017 World Health Organization (WHO) of Endocrine Tumours[END_REF].

Genetic of PPGL

PPGL is considered a strongly determined genetically tumor: there are more than 15 susceptible genes involved in its pathogenesis. In the 1990s, PPGLs were classified into three genetic syndromes: multiple endocrine neoplasia (MEN), Von Hippel-Lindau Disease [START_REF] Eng | Mutations in the RET protooncogene and the von Hippel-Lindau disease tumour suppressor gene in sporadic and syndromic phaeochromocytomas[END_REF] and

Neurofibromatosis type I [START_REF] Upadhyaya | A 90 kb DNA deletion associated with neurofibromatosis type 1[END_REF], caused respectively by germline mutations in RET, VHL and NF1 genes. Around 2000, other germline mutations were discovered, such as the ones in the genes that encode the four subunits of the succinate dehydrogenase mitochondrial complex II (SDH), or in the SDHAF2 gene, which encodes a protein helping the assembly of SDH. Recently, other susceptible genes were identified: TMEM127 [START_REF] Qin | Germline mutations in TMEM127 confer susceptibility to pheochromocytoma[END_REF], MAX [START_REF] Comino-Méndez | Exome sequencing identifies MAX mutations as a cause of hereditary pheochromocytoma[END_REF], HIF2A [START_REF] Zhuang | Somatic HIF2A Gain-of-Function Mutations in Paraganglioma with Polycythemia[END_REF] , FH [START_REF] Pollard | The TCA cycle and tumorigenesis: the examples of fumarate hydratase and succinate dehydrogenase[END_REF], HRAS [START_REF] Stenman | HRAS mutation prevalence and associated expression patterns in pheochromocytoma: HRAS MUTATIONS IN PPGL[END_REF],

MDH2 [START_REF] Cascón | Whole-Exome Sequencing Identifies MDH2 as a New Familial Paraganglioma Gene[END_REF], KIF1Bβ [START_REF] Yeh | A germline mutation of the KIF1B beta gene on 1p36 in a family with neural and nonneural tumors[END_REF], EGLN1 and 2 [START_REF] Astuti | Mutation analysis of HIF prolyl hydroxylases (PHD/EGLN) in individuals with features of phaeochromocytoma and renal cell carcinoma susceptibility[END_REF] which encodes for the hydroxylase domain proteins (PHD) [START_REF] Astuti | Mutation analysis of HIF prolyl hydroxylases (PHD/EGLN) in individuals with features of phaeochromocytoma and renal cell carcinoma susceptibility[END_REF], CSDE1 and MAML3 genes [START_REF] Fishbein | Comprehensive Molecular Characterization of Pheochromocytoma and Paraganglioma[END_REF]. The susceptible genes with their mutations are reported in the Table 3. Today, we know that 70% of PPGLs are genetically determined by either germline (40%) [START_REF] Dahia | Pheochromocytoma and paraganglioma pathogenesis: learning from genetic heterogeneity[END_REF] or somatic (30%) mutations that concern more than 15 susceptible genes. Genetic testing is systematically recommended as well as the characterization secretory phenotype and immunohistochemical characterization [START_REF] Lam | Update on Adrenal Tumours in 2017 World Health Organization (WHO) of Endocrine Tumours[END_REF].

Gene Official full name Chromosomal localization

Date of discovery

Frequency Germline or somatic mutation 

Germline mutation in different genes

Generally, the hereditary PPGLs are transmitted by an autosomal dominant mode of transmission, with the exception of SDHD and SDHAF2, which have a maternal genomic imprinting [START_REF] Baysal | Mitochondrial complex II and genomic imprinting in inheritance of paraganglioma tumors[END_REF]. Among the PGLs-germline mutations, almost 50% are represented by SDHx mutation [START_REF] Castro-Vega | Rethinking pheochromocytomas and paragangliomas from a genomic perspective[END_REF]. In 2017, The Cancer Genome Atlas (TCGA) separated the tumor mRNA profiles of PPGLs in four main clusters of mutated genes by analysing different cohorts from 173 patients [START_REF] Fishbein | Comprehensive Molecular Characterization of Pheochromocytoma and Paraganglioma[END_REF]: the pseudohypoxia subtype, the kinase signaling subtype, the Wnt signaling subtype and the cortical admixture subtype (Table 4). H&N PGL, sympathetic PGL and PCC, other manifestation). Summarized from [START_REF] Fishbein | Comprehensive Molecular Characterization of Pheochromocytoma and Paraganglioma[END_REF], [START_REF] Benn | 15 YEARS OF PARAGANGLIOMA: Clinical manifestations of paraganglioma syndromes types 1-5[END_REF].

The kinase signaling subtype

The kinase signaling subtype is observed mainly in PCCs and is characterized by a high PNMT expression (=adrenergic profile). It has somatic and germline mutations in NF1, RET, TMEM127

and HRAS [START_REF] Castro-Vega | Multi-omics analysis defines core genomic alterations in pheochromocytomas and paragangliomas[END_REF], and a rare fusion of genes can occur in NF1, BRAF and NGFR [100]. The transcriptome classification of these genes belongs to the cluster 2 [START_REF] Favier | Paraganglioma and phaeochromocytoma: from genetics to personalized medicine[END_REF], which is characterized by the activation of Mitogen-Activated Protein Kinase (MAPK) and Phosphatidylinositol 3-Kinase (PI3K)-Protein Kinase B (AKT)-mammalian target of rapamycin (mTOR) pathways [START_REF] Dahia | Pheochromocytoma and paraganglioma pathogenesis: learning from genetic heterogeneity[END_REF] leading to a high neuroendocrine differentiation. Tumors present hypomethylation belonging to methylome cluster 3 [START_REF] Favier | Paraganglioma and phaeochromocytoma: from genetics to personalized medicine[END_REF]. Mutation in TF1 and RET genes cause syndromic diseases, while mutations in TMEX and MAX do not.

Neurofibromin 1 (NF1)

The Neurofibromatosis type 1 (NF1) gene encodes the protein neurofibromin, a tumor suppressor which down-regulates RAS proteins in the RAS-RAF-MAPK signaling cascade [101].

It is mainly expressed in neurons, Schwan cells, oligodendrocytes and leukocytes.

Neurofibromatosis is an autosomal disorder (1 in 3,000 in general population) with high penetrance [102]. NF1 mutations are rare in PPGL patients. The mutations can be germline or somatic.

Multiple endocrine neoplasia type 2 (RET)

RET is a proto-oncogene which encodes a tyrosine kinase receptor. 

TMEM127

TMEM127 and MAX are mutated in familial PCCs. TMEM127 is a negative regulator of mTOR.

A germline inactivation of TMEM127 causes mTOR phosphorylation by a mechanism involving a RAb5 endocytic pathway [START_REF] Comino-Méndez | Exome sequencing identifies MAX mutations as a cause of hereditary pheochromocytoma[END_REF]. TMEM127 inactivation causes mainly PPGLs, rarely RCCs. MAX is a transcription factor which down-regulates MYC signaling [106].

Wnt signaling and disease-modifying gene subtype

Wnt signaling is a highly conserved pathway in the development of the peripheral nervous system. 

Cortical admixture subtype

A high mRNA expression of CYP11B2, CYP21A2, CYP2W1 and STAR was found in the cortical cells in adrenal gland [108].

The pseudohypoxia subtype

This group is characterized by the pathological hypoxia caused by the stabilization of hypoxia inducible transcription factors (HIFs) under normal oxygen pressure. There are two mechanisms leading to pseudohypoxia PPGL pathogenesis, and two sub-groups: VHL/EPAS1related and TCA-related.

The pseudo-hypoxia group is reported in both PCCs (57%) and PGLs (43%) ( 

Tricarboxylic acid cycle-related group

The genes for the TCA cycle enzymes are mutated in this group. 

SDH

Succinate dehydrogenase (SDH), also known as mitochondrial respiratory complex II, is involved both in the oxidation of the succinate to fumarate in the TCA cycle and in electron to transport to ubiquinone via the mitochondrial respiratory chain (Figure 9). 

C. SDHC

The 

E. SDHAF2

SDHAF2 mutations are a rare cause of PPGL (PGL2 

F. FH

Fumarate hydratase (FH) catalyses hydration of fumarate into malate in the TCA cycle. 

G. MDH2

Malate 

A. VHL

Von Hippel disease is a rare (1 in 36,000 in general population) and autosomal dominant 

B. EPAS1 (HIF-2α)

HIF2A is an oncogene. Somatic HIF2A mutations cause the syndrome of multiple PGL and duodenal somatostatinomas associated with polycythemia and ocular abnormalities [START_REF] Zhuang | Somatic HIF2A Gain-of-Function Mutations in Paraganglioma with Polycythemia[END_REF]149,150]. Gain-of-function HIF2A mutations were also found in the central nervous system 

Somatic mutations

According to The Cancer Genome Atlas (TCGA), 40% of PPGLs are determined by somatic mutations [START_REF] Castro-Vega | Multi-omics analysis defines core genomic alterations in pheochromocytomas and paragangliomas[END_REF]. Many PPGL-related genes can be mutated both somatically and germline, such 

Tumorigenesis of PCC/PGL

As mentioned above, the recent transcriptomic analysis allowed to classify PPGLs in four distinct groups, each having a specific pattern of tumorigenesis. One group is the pseudohypoxia group, in which gene mutations participate in hypoxic signaling pathways enhancing angiogenesis, proliferation and glycolysis.

The pseudohypoxia group

The mechanism of tumorigenesis in the TCA-associated PPGLs is related to oncogenic properties of high levels of TCA metabolites, such as succinate, fumarate and malate, inhibiting enzymes involved in cell signaling and chromatin maintenance [160]. These oncometabolites enhance angiogenesis, proliferation and glycolysis by stimulating the hypoxic pathway [161].

Pseudohypoxia and HIF stabilization

The first link between hypoxia and PPGL comes from the early 1930's. Hydroxylation of HIF required Fe 2+ and ascorbate as cofactors, and oxygen and 2-oxoglutarate (2-OG, also named α-ketoglutarate) as co-substrate. Thus, under hypoxic condition, PHD and FIH activity are inhibited due to the lack of oxygen. In vitro, PHD has a Michaelis constant (Km) for oxygen 3-folded higher than the one of FIH [172]. Consequently, HIFα is stabilized and can bind to nuclear pore proteins and be translocated in the nucleus [173]. Once in the nucleus, HIFα heterodimerizes with HIF-1β, constituting HIF complex which binds with a specific DNA sequence, called the hypoxia-response elements (HREs), and located in the promotor, intron and/or enhancer regions of target genes [166,174].

SDHx loss-of-function results in the accumulation of succinate, which inhibits PHD activity, by binding the 2-OG binding site of PHD. Non-hydroxylated HIF-1α cannot be recognized by VHL and be stabilized; consequently, it moves into the nucleus and activates the transcription of more than 60 genes involved in angiogenesis, glycolytic metabolism and proliferation [160,175]. Succinate accumulation is also involved in the inhibition of TET demethylase and histone demethylase [START_REF] Morin | Oncometabolites-driven tumorigenesis: From genetics to targeted therapy[END_REF], which induce a hyper-methylation phenotype inhibiting the PNMT that coverts the noradrenaline in adrenaline, giving a noradrenergic phenotype of SDHx and VHLmutated PPGL.

In addition, gain-of-function mutations in EPAS-1 gene, encoding HIF-2α, were reported close to the HIF-2α hydroxylation site, reducing its prolyl hydroxylation, decreasing VHL binding to HIF-2α. This results in HIF-2α stabilization, which leads to tumorigenesis, such as PGLs, nervous system hemangioblastomas and somatostatinomas, and polycythemia [START_REF] Zhuang | Somatic HIF2A Gain-of-Function Mutations in Paraganglioma with Polycythemia[END_REF]151,152]. 

Implications of pseudohypoxia in the tumorigenesis of PPGL

Proliferation and apoptosis

Two important hallmarks of cancer are uncontrolled cell division and resistance to cell death.

The role of HIFs in regulating these two hallmarks is complex and not fully understood: 

Angiogenesis and energy metabolism

Angiogenesis is fundamental for tumor growth and is linked to the stabilization of HIF-1α. Ang-2 is a receptor ligand restricted to endothelial cells [191] necessary for vessel remodeling.

It is the antagonist for Angiopoietin-1 receptor (Tie2), preventing binding of agonist Ang-1 on the Tie 2. Under normoxia, Ang-1 collaborates for the recruitment of pericytes and maturation of newly formed vessels. Under hypoxia, Ang-2 blocks Tie2 signaling, thus capillaries are destabilized, leading to the release of endothelial cells from mural vascular regression. Ang-2

exposes EC to angiogenic stimuli, such as VEGFA, allowing angiogenesis [192].

PPGLs are described as highly vascularized tumors, particularly the SDHx and VHL-mutated tumors. High expression of VEGF and its receptors have been found in patient serums [193] and tumors, respectively [194], and VEGF is overexpressed in metastatic and SDH-, 147,[195][196][197]. Patients with high levels of VEGF and HIF-1α

show a decreased metastasis-free survival in head and neck squamous cell carcinoma [198].

HIF-1α sustains the shift of tumor metabolism from oxidative phosphorylation to aerobic glycolysis, known as the Warburg effect [START_REF] Warburg | The metabolism of tumors in the body[END_REF]199]. This increase in glucose uptake is used to detect metastases by 18 F-FDG-PET.

Glycolysis produces less molecules of ATP than oxidative phosphorylation. However, glycolysis The Warburg effect is present in PPGLs [START_REF] Danhier | Cancer metabolism in space and time: Beyond the Warburg effect[END_REF]204]. Depending on the hereditary mutation, HIF-1α or HIF-2α are stabilized or active or expressed. In SDH-related tumors, HIF-2α has a higher expressing than in HIF-1α, and in VHL-tumors, HIF-1α has a higher expression than in HIF-2α 

HIF and invasion/metastasis

HIF stabilization has been reported in many primary or metastatic tumors. 

Metastatic PPGL

WHO states that a malignant PPGL is defined by the presence of metastasis. There is no histological criterion specific for malignancy [226] and in 2017, WHO replaced the term "malignant PPGL" by "metastatic PPGL" (2017) [START_REF] Lam | Update on Adrenal Tumours in 2017 World Health Organization (WHO) of Endocrine Tumours[END_REF]. The metastatic phenotype is more frequent for PGL (15 %-35 %) than for PCCs (5 %-20 %).

The usual PPGL diagnosis is the discovery of elevated plasma and/or urine metanephrine concentration that often correlates to the tumor volume [START_REF] Lenders | Biochemical diagnosis of pheochromocytoma and paraganglioma[END_REF]. 

Chemotherapy

The standard chemotherapy of advanced PPGLs is a combination of cyclophosphamide, vincristine and dacarbazine (CVD). 

Anti-angiogenic therapies

Other therapeutic approaches interfering with specific molecular pathways involved in the development of the malignant phenotype have been proposed. In pseudohypoxic PPGLs, there is a constant activation of the angiogenic pathways, leading to a highly vascularized reported on 17 patients with metastatic PPGLs treated with sunitinib during 6 months [START_REF] Jain | Dissecting tumour pathophysiology using intravital microscopy[END_REF].

Among them, 8 patients showed a clinical benefit (5 were carrying a SDHB mutation), 3 a partial response and 5 a stable disease. In addition, among 14 hypertensive patients, 6 became normotensive [START_REF] Jain | Dissecting tumour pathophysiology using intravital microscopy[END_REF]. Moreover, sunitinib decreased also 18 F-FDG-PET uptake in the 14 hypertensive patients [START_REF] Jain | Dissecting tumour pathophysiology using intravital microscopy[END_REF].  (Functional imaging) tailor therapeutic choices as radionuclide therapy and follow the response to treatment in a theragnostic approach for metastatic PPGL.

Conventional/structural imaging

The Endocrine Society Guidelines (2009) recommend abdomino-pelvic contrast computed tomography (CT) rather than magnetic resonance imaging (MRI) as first choice [START_REF] Lenders | Biochemical diagnosis of pheochromocytoma and paraganglioma[END_REF]. CT has excellent spatial resolution, detects tumors 5mm or larger and most of PPGLs are localized in the abdomen [START_REF] Lenders | Biochemical diagnosis of pheochromocytoma and paraganglioma[END_REF]. 

Functional imaging

Functional imaging provides physio-pathologic information, and allows characterizing the tumor by reflecting its histology in vivo and in the whole body.

The principle of scintigraphy is the detection of gamma-photons (γ) emitted by a radioactive isotope administered to the patients. Functional imaging quantifies the emissions of γ-rays emitted by the radiotracer inside the body, reflecting tissue characteristics or physiological activity. The γ -rays emitted can be of two types [266] (Figure 16):

1) Mono-photonic: the radio-isotope emits one photon at a time (single-photon emission tomography or SPECT). The detectors measure radioactivity from one projection (creating 2D images), but by rotating around the patient, 3D images are reconstructed from different 2D projections.

2) Bi-photonic: the radioisotope emits a positron that annihilates with a nearby electron to produce 2 photons of 511keV, in an angle of 180° from each other. They are detected simultaneously by opposing detectors within 10-20 ns coincidence windows.

The photo-detectors count the couple of gamma-emission as one coincidence (PET). Coupling PET with CT enables to determine the attenuation characteristics of the tissue.

PET/CT combines anatomic information, with attenuation-corrected quantification. After reconstruction, images in three dimensions are generated.

PET can provide whole-body images with high sensitivity. In PPGLs, different radiotracers are used [265]: 123 I-metaiodobenzylguanine ( 123 I-MIBG) and 18 F-fluorodopamine ( 18 F-FDA), 18 Ffuorodopa ( 18 F-FDOPA) to study aromatic L-amino acid decarboxylase (AADC, a metabolic pathway of amine precursor uptake and decarboxylation system), 18 F-FDG to study glucose metabolism and 68 Ga-labeled somatostatin agonists ( 68 Ga-SSA) binding somatostatine (SST)

receptor, SST2 being the most prevalent subtype in PPGLs (Figure 17). 

3.2.1

Imaging the catecholamine metabolism . 18 F-FDA can give false-negative results in aggressive malignant PPGLs [273] in which 18 F-FDG was found to be superior [START_REF] Timmers | Superiority of Fluorodeoxyglucose Positron Emission Tomography to Other Functional Imaging Techniques in the Evaluation of Metastatic SDHB -Associated Pheochromocytoma and Paraganglioma[END_REF]. 

3.2.1.2

18 F-fuorodopa ( 18 F-FDOPA) 18 F-Fluorodihydroxyphenylalanine ( 18 F-fuorodopamine, 18 F-FDOPA) is an aromatic amino acid which binds to LAT1 (neutral amino acid transporter 1) with high affinity. PGLs, like other neuroendocrine tumors, take up and decarboxylate amino acids such as dihydroxyphenylalanine by L-aromatic amino acid decarboxylase (AAAD). Similarly, 18 F-FDOPA enters the cell using LAT1 and is converted into 18 F-FDA by cytosolic AADC. Decarboxylated 

3.2.3

Glucose metabolism-imaging -18 F-FDG-PET malignancies and neuroendocrine cancers, such as PPGLs (reviewed in [297]). The 18 F-FDG's avidity in PGLs is influenced by the location, genetic status and degree of differentiation [START_REF] Timmers | Superiority of Fluorodeoxyglucose Positron Emission Tomography to Other Functional Imaging Techniques in the Evaluation of Metastatic SDHB -Associated Pheochromocytoma and Paraganglioma[END_REF]298]. In PCCs, 18 F-FDG-PET is almost always positive, but its uptake can be variable. It is notable that inactivating genes such as SDHx and VHL, which upregulate HIF-α and its downstream genes (like GLUT1 and HK), results in increased 18 F-FDG in PPGLs [270]. In fact, 18 F-FDG was found to be more sensitive than 18 F-FDOPA for the localization of SDHB-related lesions [START_REF] Timmers | Superiority of Fluorodeoxyglucose Positron Emission Tomography to Other Functional Imaging Techniques in the Evaluation of Metastatic SDHB -Associated Pheochromocytoma and Paraganglioma[END_REF]. with a sensitivity of 74-100% [START_REF] Lenders | Pheochromocytoma and Paraganglioma: An Endocrine Society Clinical Practice Guideline[END_REF]. In a study, the sensitivity of 18 F-FDG-PET per lesion has been found to be 83% in SDHB-mutated [START_REF] Timmers | Superiority of Fluorodeoxyglucose Positron Emission Tomography to Other Functional Imaging Techniques in the Evaluation of Metastatic SDHB -Associated Pheochromocytoma and Paraganglioma[END_REF]. 18 F-FDG-PET is a good method for metastasis and 

18 F-FDG-PET quantification

18 F-FDG is transported in tumor cells by the GLUT transporters and phosphorylated in the cytoplasm by hexokinase 2, the first enzyme of glycolysis, becoming 18 F-FDG-6-phosphate ( 18 F-FDG-6-P). However, unlike glucose, 18 F-FDG-6-P is trapped inside the cell where it accumulates because it cannot be further metabolized. Dephosphorylation is very unlikely in tumor cells, and 18 F-FDG-6-P cannot be transported back to the circulation by GLUTs. Unlike glucose, 18 F-FDG has poor affinity to the active glucose-sodium symporter SGLT, and is therefore eliminated through the urinary system. Glycolysis-related tumor accumulation, combined with rapid wash-out from the blood circulation, explains the high performance of 18 F-FDG-PET in detecting and staging tumors.

Dynamic PET acquisitions monitor the kinetics of 18 F-FDG accumulation in the tissue, usually during one hour, whereas static acquisitions acquire only one temporal frame around 50-70min after 18 F-FDG injection [302].

The patient or the animal should be fasted for at least 6 hours before 18 F-FDG injection [302] in order to avoid high blood sugar levels to prevent or limit 18 F-FDG uptake because blood sugar could interfere with the distribution of 18 F-FDG. High levels of blood sugar in diabetic subjects, can also increase 18 F-FDG accumulation in muscles, causing the blurring of tumor margins.

Different methods of quantification of 18 F-FDG in tumors can be used. Qualitative methods are based on the visual evaluation of the images where the tumor lesion is compared with normal 18 F-FDG uptake in the surrounding tissues, mediastinal structures, or liver.

A. Standardized Uptake Value

Semi 

B. Kinetic modelling-Two-tissue compartment model

Quantitative measures can also be obtained from dynamic acquisitions by calculation of kinetic parameters. Mathematical models are applied to quantify the kinetics parameters of 18 F-FDG tumor uptake in dynamic 18 F-FDG-PET acquisitions. Compartmental models describe the kinetic of the passage of the radiotracer in different simulated physiological compartments (Figure 21).

In the two-tissue compartment model (also called the three-compartment model), the first compartment is the blood or the plasma used to estimate the input function. The tissue is divided into two theoretical compartments, one representing the free-tracer in the tissue (free 18 F-FDG) and the second representing the "receptor-bound" tracer concentration or the trapped 18 F-FDG-6-P in the case of 18 F-FDG. Compartments are connected with four rate constants, K1, k2, k3, and k4. The passage between the plasma and the first tissue compartment is described by the rate constant K1 (ml/cm 3 /min). The inverse passage is described by k2 (min - 1 ), which is the clearance rate constant. The passage to the compartment of phosphorylated 18 F-FDG ( 18 F-FDG-6-P) is described by k3 (min -1 ), while the inverse transport described by k4 (min -1 ) is considered negligible. (for 18 F-FDG) or K1* and k2* (for glucose). Concentration of 18 F-FDG and glucose in the first compartment are indicated as C1 and Cint respectively. 18 F-FDG and glucose are phosphorylated in the second compartment, with rate constants k3 and k3* respectively. The concentrations of phosphorylated 18 F-FDG ( 18F-FDG-P) and phosphorylated glucose are indicated as C2 and Cm respectively. Glucose, not 18 F-FDG, can be dephosphorylated, with rate k4.

In order to measure these parameters, it is necessary to obtain the Time Activity Curve (TAC), which describes the 18 F-FDG concentration across time in the VOI, and the Arterial Input Function (AIF), which measures the concentration of 18 F-FDG in the plasma across time. In rodents, AIF is often estimated in the vena cava [308].

The rate of radiotracer entering the tissue is described by the equation:

𝑑𝐶 1 (𝑡) 𝑑𝑡 = 𝐾 1 𝐶 𝑝 (𝑡) -(𝑘 2 + 𝑘 3 )𝐶 1 (𝑡) + 𝑘 4 𝐶 2 (𝑡)
for 18 F-FDG: k4 = 0, with Cp = 18 F-FDG concentration in plasma.

The rate of uptake in the compartment in which phosphorylation takes place: 

𝑘2+𝑘3

From Ki, it is possible to calculate how much 18 F-FDG is trapped inside the cell, a parameter called "Metabolic Rate of Glucose" (MRGlu) which is the product of Ki with glycaemia (glucose concentration in plasma (PG, mml/l)) and with the lumped constant (LC). LC is a parameter used to correct the difference in Ki between glucose and 18 F-FDG. In PERCIST, the response to therapy is expressed as percentage variation in SULpeak (or sum of lesions SULs) between pre-and post-treatment [307] (Table 6). The VOIs can be traced by isocontouring methods based on SUVmax or SUVpeak in the tumor region in order to reduce influence of partial-volume effect in small tumors. SULpeak is the first parameter to measure, but SULmax and total lesion glycolysis should be calculated secondarily for the 5 hottest lesions in order to better estimate the tumor burden. 

MRGlu = Ki

The recommendation for clinical practice for molecular imaging in the diagnosis and staging

At diagnosis, PPGLs should be localized using different imaging techniques [265]. The first line is anatomical imaging, with CT preferred to MRI. Then, functional imaging using PET tracers may be performed using 18 F-FDOPA, 18 F-FDG or 68 Ga-SSA depending on tumor localization, metastasis and hereditary mutation status (Figure 23) [265].  In retroperitoneal extra-adrenal nonmetastatic PGLs, in order to differentiate between a neurogenic tumor, lymph node diseases, or a mesenchymal tumor, 18 F-FDOPA PET is the favored imaging modality because it has higher sensitivity than 123 I-MIBG scintigraphy, and more specificity than 18 F-FDG PET but with risk of false positives;

 In metastatic PPGLs, if available, 18 F-FDOPA PET/CT should be the first-line diagnostic imaging modality, regardless of the genetic status. 123 I-MIBG or 111 In-DTPApentetreotide scintigraphy can be used to decide if targeted radiotherapy should be applied.

In addition, a 2018 review proposed a more precise approach for molecular imaging of PPGLs, depending on the mutations (summarized in the 

Imaging of angiogenesis

Angiogenesis is essential to maintain tumor growth and targeted-vessel therapies may control tumor growth and metastasis [START_REF] Hanahan | Hallmarks of Cancer: The Next Generation[END_REF]. To monitor the effect of anti-angiogenic therapies, in vivo 

Functional radiotracers of angiogenesis

A targeted molecular approach can be used in molecular imaging to characterize vessels by expression of the VEGF receptor (Type 1, 2 and 3), integrins and matrix metalloproteinases (MMPs).

VEGF-receptor 1 is involved in physiologic angiogenesis, while VEGFR2 is involved in neoangiogenesis and expressed in different cancers where it is associated with a poor prognosis [334,335]. Hence, the idea to label VEGFR2 with specific radiotracers [336,337]. For example, 64 Cu-DOTA-VEGF showed tumor-specific uptake in a murine breast cancer model and simply 64 Cu-VEGFG121 in human glioblastoma xenograft was correlated to VEGFR expression [337].

Radiolabeled bevacizumab was used to study the effect of different antiangiogenic treatments Nuclear imaging and MRI are highly expensive, and high doses of contrast agents can be toxic for the patient. In contrast, ultrasound and optical methods are cheaper modalities, though ultrasound is more available to clinicians and has a deeper tissue penetration than optical methods.

Ultrasound

Ultrasonography The Table 8 summarizes the acoustic characteristics of different biological tissues and Figure 24 shows an example of US 2D image. 

The Doppler US -principle

In this thesis, I used the Doppler mode of US. The Doppler effect was first described by

Christian Doppler [352]. Doppler medical imaging refers to the change in frequency (or wavelength) between transmitted frequency (Ft) and received frequency (Fr) due to a moving subject, in general the movement of red blood cells (Figure 25). In addition, the application of a spatiotemporal filtering based on synchronous ultrasound imaging datasets, such as singular value decomposition, permits a clear separation between tissue and blood motion. Removing tissue-motion increases the performance in measuring the slow flow in small vessels [366].

Application of Ultrasound in tumor angiogenesis

The potential of US imaging was underestimated for many years in oncology patient care Modifications in hemodynamic and morphological anatomy of tumor vessels can detect early the response of tumor to an anti-angiogenic treatment and help the clinician to change the therapy. However, presently there is no consensus regarding the biomarkers of angiogenesis.

US technology is less expensive, portable and faster compared with other techniques and it does not expose to radiations. The limits are that the tumors must be vascularized, that US is not applicable to lung or bones and that one US scan covers only one tumor.

General objective

In the introduction, we have described how vascularization and tumor metabolism are closely linked each other, and we have highlighted the different genetic backgrounds of PPGLs that determine a specific tumor phenotype. Different diagnostic techniques (biochemical, genotyping and imaging) are now successfully used in the screening of patients with PPGL.

However, the only curative treatment remains surgery, which is risky for highly vascularized PPGLs. Chemotherapy (CVD), temozolomide or anti-angiogenic therapies, including sunitinib, are commonly used for the treatment of highly metastatic PGLs, such as SDH-mutated PGLs, which represent around 50% of genetically determined PPGLs. Despite the beneficial effects of sunitinib, lack of response or partial response are observed in 10% and 36% of cases respectively, and toxicity in 18% of cases [START_REF] Canu | Sunitinib in the therapy of malignant paragangliomas: report on the efficacy in a SDHB mutation carrier and review of the literature[END_REF]. Several clinical studies on the efficacy and toxicity of sunitinib are underway: FIRSTMAPP (Europe) and SNIPP (Canada).

Accordingly, we wanted to examine and predict the response to sunitinib in a preclinical model of murine PGL with Sdhb KO mutation. We aimed:

-In part A, to determine biomarkers of the effectiveness or resistance to sunitinib, using a hybrid and simultaneous imaging technique (PETRUS), for vascularization and tumor metabolism. We also analyzed ex vivo the treated-tumors, in an attempt to determine the molecular mechanisms underlying the effects of sunitinib;

-In part B, to establish predictive biomarkers of the long-term cardiotoxicity of sunitinib, through multi-modal imaging techniques, and to explore the molecular pathways involved. 

Resistance to anti-angiogenic therapies

Angiogenesis is required for tumor growth, invasion and metastasis and is an indicator of tumor prognosis. Folkmann first proposed the use of angiogenesis inhibitors to treat cancer are hypervascularized [START_REF] Oudijk | Vascular Pattern Analysis for the Prediction of Clinical Behaviour in Pheochromocytomas and Paragangliomas[END_REF]204], surgery is difficult to manage and sunitinib provides a clinical benefit [START_REF] Canu | Sunitinib in the therapy of malignant paragangliomas: report on the efficacy in a SDHB mutation carrier and review of the literature[END_REF]229,251]. Sunitinib is a potent inhibitor of cell proliferation [253] in vitro, and of formation of new vessels in SDHB-mutated PPGLs.

Although AA drugs are in clinical use, many patients stop responding during treatment and some do not respond at all [405]. In particular, 70% of mRCC patients and 36% of SDHB-related PPGL patients treated with sunitinib are partial responders, or eventually acquire drug resistance in the long term [START_REF] Canu | Sunitinib in the therapy of malignant paragangliomas: report on the efficacy in a SDHB mutation carrier and review of the literature[END_REF][406][407][408]. Resistance to sunitinib calls for new diagnostic tools to predict tumor response.

Different types of angiogenic resistance: inherited and acquired

Two mechanisms of cancer resistance towards AA treatments have been described: inherent and acquired resistance. They can be induced via multiple pathways. Inherent resistance is a pre-existing condition [START_REF] Bergers | Modes of resistance to anti-angiogenic therapy[END_REF], often associated with a rapid adaptive response which leads to Another mechanism that can contribute to both adaptive and intrinsic resistance is vessel cooption. This is defined as the incorporation of pre-existing vessels, such as the host capillaries, 

Biomarkers of cancer and hybrid imaging

A biomarker is defined as a parameter (a characteristic which can be measured) as Endocrine Society for evaluation of PPGLs [START_REF] Białas | Neuroendocrine markers and sustentacular cell count in benign and malignant pheochromocytomas -a comparative study[END_REF]. PET Response Criteria in Solid Tumors (PERCIST 1.0) [START_REF] Lenders | Pheochromocytoma and Paraganglioma: An Endocrine Society Clinical Practice Guideline[END_REF] was tested by Hardox et al (2017) in PGL treated with interferon-alpha [START_REF] Van Duinen | Increased urinary excretion of 3-methoxytyramine in patients with head and neck paragangliomas[END_REF]. A number of different radiotracers for PET and SPECT exist, to detect PPGL lesions with high sensibility and precision. However, each imaging technique often gives a precise but single molecular information of the complex tumor microenvironment. Therefore, innovative multi-imaging tools are needed to analyze multiple diagnostic biomarkers of cancers simultaneously that, when combined, may better describe tumorigenesis and the response to chemotherapy.

Regarding sunitinib, the clinical trials are still on-going, and no prognostic factor has been yet

officially established for the follow-up of this anti-angiogenic therapy.

In this context, our laboratory developed a unique triple-hybrid imaging technique, called "PETRUS" [435], which combines 18 F-FDG-PET, that reports on glycolytic metabolic information [START_REF] Altenberg | Genes of glycolysis are ubiquitously overexpressed in 24 cancer classes[END_REF], CT, providing precise anatomical information, and UUI, offering simultaneously functional information of tumor vascularization [376,436]. PETRUS can follow simultaneously the effects of sunitinib on glycolytic metabolism and on angiogenesis. It allows to quantify the interactions between these two major hallmarks of cancer. Its application is therefore highly suitable to investigate the effects of sunitinib on the Sdhb -/-PGL model which has an aggressive phenotype combining a peculiar hypermetabolic profile with hypervascularization. This technique often requires visual supervision and manual correction. Supervised thresholding [438,445] consists in evaluating the category of tissue for each new pixel by considering previous decisions provided by the expertise of the operator. We used this last segmentation method which is described in the material and methods section (page 113).

Histological machine learning analysis

After segmentation, several features can be extracted. For instance, number, size and shape of segmented objects (ex. vessels or nuclei) can be quantified and intensity information (radiometric) and the texture of the full image can be calculated [446].

Objective

The general objective was to characterize the effects of sunitinib treatment in a murine allograft model of SDHB-related PGL both in vivo and in vitro.

In vivo, I used the ( 18 Another objective was to correlate in vivo and in vitro parameters. To reach this objective, I used the histological quantification method (based on supervised machine learning algorithm) to measure the expressions of different proteins involved in metabolism and vascularization.

3 Material and methods Physik Instrumente, Germany; minimum incremental motion = 0.2 μm) as in Provost et al., 2018 [435]. We employed a water bath to improve acoustic coupling between the probe and the skin of the animal, that we created using a 3D printer (MarkerBlot Replicator, USA) and positioned on degassed US gel (MédiGel Clear; Drexco Medical) in contact with the mouse skin. The bottom of the water bath was made of a 6 μm-thick film of polyethylene terephthalate (ES301061; Goodfellow SARL) to match acoustic impedance between water and gel. UUI probe was immersed in the water bath over the tumor (Figure 39, B). The ultrasound probe was moved in the water using the motorized micropositioner (Figure 39), in order to avoid creating air bubbles in the US gel during probe movement. Then, the animal bed with the US probe was moved inside the PET gantry (Figure 39). 

Experimental design

Acquisition

All mice were fasted overnight and weighted before PETRUS imaging. Glycaemia was measured in blood drawn from the caudal ventral artery using an Accu-Chek® Aviva Nano A (Accu-Chek, France), and tumor volume was measured using a caliper. During examination, mice were anesthetized with isoflurane 2.0±1% (IsoVet 100%; Centravet, France) in 100% O2.

In order to inject 18 F-FDG, a home-made catheter with a 25G needle (Fischer Scientific, France) connected to a 5cm polyethylene tubing (Tygon Microbore Tubing, 0.010" x 0.030"OD; Fisher Scientific, France) was inserted into the caudal vein. Mice were then installed into the PET-CT dedicated bed, head-first, in supine position, under controlled respiration rate (60 to 80 cycles per minute) and body temperature (37°C) throughout the entire imaging session.

As described in Provost et al., 2018 [435], PET-CT-UUI acquisition was composed of 3 consecutives image acquisitions (Figure 40):

1. the first CT scan (CT1) without water bath (see its role next page)and with the US probe away from the tumor was employed to acquire a CT image of the tumor geometry; The CT scans were acquired in semi-circular mode, 39kV tension, 720 projections full scan, 300 ms per projection, and 1:4 binning. CT data were reconstructed using filtered back projection was then integrated over the 300 frames for each slice. At the end, this process resulted in a 3D volume of the vascularization with an anisotropic resolution depending on the elevation focusing capability of the ultrasonic probe. To improve the quality of images, we de-convolved the 3D volume with an estimated kernel of blurring. The kernel was calculated by using the blind deconvolution method [449] applied to a B-mode 3D volume of crossed 80-μm cooper wires immersed in water. The blurring kernel was then used in a Lucy-Richardson deconvolution to reconstruct an isotropic spatial resolution of approximately 100 µm 3 for the whole tumor.

Image and data processing

A precise co-registration of 3D volumes of X-Ray CT, dynamic PET and Ultrafast Doppler was performed before image analysis. The co-registration used a phantom in a water bath with three 80 µm copper wires visible in CT and UUI volumes as described in Provost et al., 2018 [435] (Figure 41). distribution around these values. The co-registration process determined the rotation matrix R(0,0,0) and a translation vector T(0,0,0) linking the positions of the centers of mass of the wires:

PCT =R(0,0,0) PUUI(0,0,0) +T(0,0,0)

where PCT = {PCT1, PCT2, PCT3… PCT240} and PUUI(0,0,0) = {PUUI1, PUUI2, PUUI3… PUUI240} are the positions of the local maxima in the CT and UUI volumes, respectively. R(0,0,0) and T(0,0,0) were calculated with a 3D-based automatic registration algorithm which aligned the local maxima of the UUI and CT volume. For further details, refer to [435]. We used the CT scans with the US probe in the first (CT2) and last (CT3) scanned positions to check the correctness performance of the co-registration procedure.

The tumors were delineated on the CT images and defined using the fat pad around the tumor as reference. PET and UUI volumes were cropped using a common criterion based on the segmentation of the PET image. PET segmentation was defined semi-automatically by isocontours at 30% threshold of the peak of SUV [450] using the last-time frame (50-60 minutes post-injection). UUI volumes were cropped using the mask of the PET segmentation. 18 F-FDG accumulation was quantified as mean SUV and maximum SUV (Max SUV), which was calculated as the averaged SUV of the five hottest pixels in the segmented tumor. This criterion is considered more precise than maximum SUV based on one pixel [304]. The software used to quantify PET parameters was the package PMOD (PMOD Technologies Ltd, Zürich, Switzerland).

The quantification of tumor vascular network features was performed after post-processing of the Ultrafast Doppler Volume. The first step was the segmentation of vessels from the background using a classical Hessian-based vessel enhancement method [451,452]. Then, the filtered image was segmented using an isodata unsupervised classification method [453] and the vessels were skeletonized using an interactive ordered thinning-based skeletonization method [454]. This puts in evidence the 'thin' vessels (one voxel wide) allowing the analysis of the topological vessel shape. Lastly, the skeletonized structure was converted into a network graph described by nodes and edges [455] [456] (Figure 42). From this processed vessel network, we extracted parameters (Table 9) such as the mean and maximum vessel length and radius, mean vessel tortuosity (shortest distance between nodes/vessel length), number of nodes and ultrasound (vessel) volume (number of voxels comprising the vessel network × voxel volume) using MATLAB custom-made scripts. Average of all tortuosities.

The tortuosity is the ratio between the length of vessels (as an arc) between the end point of a branch (A) until its node(B) and the distance between the two points (A and B) Average of the biggest diameters

PET-Kinetics analysis

Acquisition of PET dynamic data allows to derive kinetic parameters. We calculated for each dynamic PET reconstruction the Arterial Input Function (AIF) in a semi-automatically delineated VOI over the vena cava using the same threshold as for the tumor. We also generated the Time Activity Curve (TAC) of the tumor VOI. We calculated the Metabolic Rate of Glucose (MRGlu) using a two-tissue compartment model and the Patlak method described page 74 with the software PMOD (PMOD Technologies Ltd, Zürich, Switzerland).

Ex vivo imaging

The second series of animals included a total of 21 mice for ex-vivo analysis (histology and western blot) (Figure 38): baseline before treatment (n=4), week 1 (n=3 sunitinib-treated and n=3 vehicle-treated), week 3 (n=4 sunitinib-treated and n=3 vehicle-treated), week 6 (n=4 sunitinib-treated). These mice were also PETRUS-imaged at the baseline and at the day of their sacrifice in order to correlate the results of this group with those of the in vivo group.

Immunochemistry and immunofluorescence

Tumors were fixed overnight in 4% paraformaldehyde and kept in EtOH 70% and paraffin- The software output gives the number of pixels associated to each "class" and segmented maps for image post processing for each histological image/slide. The ratio between the number of pixels of interest for a given labeling (ex. CD31) and the total pixels of the image represents the level of expression of the stained protein. Post processing evaluates surfaces and can quantify the number of tissue objects, as the number of vessels or the Ki-67 positive or DAPI stained nuclei. This produces statistics that can be compared with the method of visual counting, more commonly used by pathologists. Object-based evaluation involved additional image processing modules developed in our laboratory. The Ki-67 index was calculated as the ratio between both Ki-67-and DAPI-positive nuclei and the total number of DAPI-stained nuclei.

We used this method because ( 1) it has the advantage to include operator knowledge and ( 2)

the same algorithm can be used for different histological labels and types of sections.

Western Blotting

Tumor samples were prepared with lysis buffer containing Tris-HCl (pH 8.5) buffer with 4% SDS, then sonicated. After centrifugation, the proteins in the supernatant were quantified.

Proteins were loaded onto 10% SDS-PAGE gels (mini-protean TGX gels, BioRad) and transferred to nitrocellulose membranes. The membranes were blocked with 5% milk in PBS 1x and immunoblotted with the following primary antibodies: hexokinase II (1:500, bs-3993R, Bioss), MCT1 (1:1000, bs-10249R, Bioss), MCT4 (1:1000, bs-2698R, Bioss), LDHA (1:1000, GTX101416, GeneTex), GLUT1 (1:10000, ab115730, Abcam), Phospo-mTOR (Ser2448) (1:500, 2971, Cell Signaling) and mTOR (1:1000, 2972, Cell Signaling), Phospo-Akt (Ser473) (1:5000, 4060, Cell Signaling), AKT (1:5000, 9272, Cell Signaling). Membranes were incubated with horseradish peroxidase (HRP)-conjugated anti-rabbit secondary antibodies (1:10000, 474-1506, KPL). Chemiluminescence detection was performed using the ECL kit (Clarity Western ECl substrate; BioRad) or SuperSignal West Femto (34094, ThermoScientific). Quantification of immunoblots was done on digitalized images using ImageLab Software 6.01 (BioRad). The intensity of immunoreactive bands was normalized by the loading control (β-tubulin, 1:2000, 802001, BioLegend).

Statistical analysis

Statistical analysis used GraphPad Prism (GraphPad Software, San Diego, California, USA).

Data were expressed as mean ± SEM. Parameters derived from PET and UUI and histological markers were compared between the vehicle-and sunitinib-treated tumors using two-way ANOVA with Bonferroni correction. Student's t test was used to compare pre-therapeutic parameters: paired t-test for continuous variables after d'Agostino and Pearson's normality test or using a nonparametric Wilcoxon matched-pairs test if distribution was not normal. Vehicle-treated mice show a simultaneous increase in tumor volume (+77 %), vessel volume (+65%) and Mean and Maximum SUV (+38% and +27% respectively) along the three-week treatment (Figure 45). In contrast, the effects of sunitinib on tumor size, glycolytic metabolism and vascularization varies along the 6-week treatment. Sunitinib inhibits the growth of vascularization and tumor volume only during the first three weeks. Interestingly, sunitinib first causes a drop in the Mean and Max 18 F-FDG uptake at week 1 (W1) (-21% and -18% in comparison with baseline) followed by a significant re-increase from W3 (+13% and +5%

respectively in comparison with W1) to W6 (+62% and 47% in comparison with W1) (Figure

B, D).

At W4, the tumor volume is significantly increased compared with the weeks before (+24% in comparison with W0 and W3), and continues to increase until W6. At this point, the sunitinib-treated tumors have tripled in size with respect to baseline (Figure 45 A). The resistance to sunitinib is confirmed by the re-growth of vessels at W5 in comparison with W3 (+37 %, p <0.05). In summary, the chronological sequence of events linked in sunitinib-treated Sdhb -/-tumors is an early metabolic switch at W3 followed by the re-growth of vessels at W4-5. 

MRGlu confirms the metabolic switch at W3

To quantify more accurately the uptake of 18 F-FDG, kinetic parameters were calculated by 

Parameters describing the malignant tumor vascularization

We post-processed UUI images in order to quantify US-derived parameters that describe the vascularization of Sdhb -/-tumors under sunitinib or vehicle treatment.

The vessel volume is a parameter measuring the growth of the vascular network (Figure 45 C).

It is correlated to the increase in the number of nodes (i.e. the number of vessel ramifications) in both vehicle-and sunitinib-treated mice. The number of nodes and vessel volume increased until three weeks in the vehicle-treated group but not in the sunitinib-treated mice, although they increased later at W5-6 (Figure 45 C; 47 A).

Favier et al. [START_REF] Favier | Angiogenesis and vascular architecture in pheochromocytomas: distinctive traits in malignant tumors[END_REF] described the irregular vascular architecture of malignant paraganglioma and showed that they grow in long segments forming arcs. This feature can be described by the "maximum vessel length", which represents the maximum distance between two nodes. In contrast, no differences between the two groups were found in other parameters "number of nodes/vessel volume", "tortuosity", or "maximum diameter" (Figure 47 C, E, H). 

Inter-correlations between PET-UUI co-registered parameters at baseline

In an attempt to define which parameters are inter-related, we calculated correlation values of all parameters at baseline (Figure 48 tumors with a small mean vessel diameter have a small vessel volume and numerous vessel branches (nodes). Finally, tortuosity is related to mean vessel length (R= 0.81) and to its dispersion (R=0.75).

Vessels are distributed in the regions with high glycolytic activity

Each tumor was segmented according to the regional SUV (Figure 49). US derived parameters were then measured in the SUV-segmented regions. We calculated the vessel density as the ratio between vessel volume and PET-derived volume in each SUV-segmented region (Figure 50). Vessel density appears higher in regions with SUV between 2 and 4 than in the low and high SUV regions, both in vehicle-treated from the baseline to W1 and in sunitinib-treated mice at baseline, W1, W5 and W6. In sunitinib-treated tumors however, the vessel density in the SUV region (SUV > 4) increased dramatically at W2, W3 and W4 of treatment, before returning slowly to baseline levels at W5-W6. This result shows that the vessels that are perfused and have a diameter ≥95µm (the minimal diameter detectable by PETRUS) are mostly located inside high-FDG uptake regions during the metabolic adaptation at W2-4. Therefore, the tumor regions with the highest SUV at W2-4 of treatment contain more vessels than the regions with low SUV at these time points. This 123 phenomenon is transitory, since vessel densities in all regions are comparable at W6 of sunitinib treatment and at W3 of the placebo. 

The decrease in maximum vessel length and total lesion glycolysis are early biomarkers of resistance to sunitinib treatment

In the search of an early response biomarker capable to predict resistance to sunitinib at the end of treatment, we calculated the correlations between the changes from baseline to W1, and the values at W6 for all parameters.

The difference in CT volume between W1 and W0 was positively correlated with the CT volume (R= 0. 

B A 5 Discussion

We have described the early and late effects of sunitinib treatment using PET-CT-UUI. This new imaging technique allows, for the first time to our knowledge, to explore simultaneously in the same subjects and in real time angiogenesis and glycolytic metabolism, which are two major hallmarks of cancer [457]. Although this is a preclinical study, it cannot be excluded that our results will have clinical implications for the improvement of the monitoring of patients during AA treatment, and give molecular insights into the resistance to RTKI treatments.

In accordance with previous studies, sunitinib treatment does not durably stop tumor growth of PGLs [START_REF] Canu | Sunitinib in the therapy of malignant paragangliomas: report on the efficacy in a SDHB mutation carrier and review of the literature[END_REF]406]. During sunitinib treatment of Sdhb-mutated PGL allografts, tumor growth and angiogenesis were inhibited only during the initial four weeks of treatment (Figure 44 and 45 A, C). In contrast, 18 F-FDG uptake decreased at W1 but resumed progressively from W3 onwards (Figure 45 B,D).

The early escape of metabolism from sunitinib treatment, before the regrowth of vessels (Figure 44 It has been shown that tumors with a high glycolytic profile become resistant to prolonged AAT by developing hypoxic and proliferative regions and that this resistance occurs more frequently in poorly glycolytic tumors [458]. The Sdhb -/-model is under permanent pseudohypoxia caused by a mitochondrial dysfunction, which leads to stable activation of HIF-2α. However, the activation of HIF can also be triggered by the reduction of oxygen or nutriment caused by sunitinib [START_REF] Deberardinis | Brick by brick: metabolism and tumor cell growth[END_REF][START_REF] Jain | Normalizing Tumor Microenvironment to Treat Cancer: Bench to Bedside to Biomarkers[END_REF], and stabilization of HIF1-α may induce metabolic changes [459]. In our study, tumors shifted their metabolism at W3 to anaerobic glycolysis as demonstrated by the simultaneous and sustained reduction in vessel volume, i.e. tumor oxygenation, and increase in 18 F-FDG uptake, i.e. increase of glycolysis. This in vivo observation is supported by the ex vivo results shown in the next section.

To compare vascular growth between the placebo and the treated group, we used UUI to describe vascularization in the SDHB PGL model. In agreement with the literature [460], this tumor was clearly hyper-vascularized. Among the different parameters calculated, the vessel volume, the number of nodes and the maximum length of vessels gave the most interesting information (Figure 45 C; 47 A, B). Sunitinib inhibits the growth of vessel volume and the number of nodes, which are typical of the development of a vascular network.

We also observed that vessels grow to a maximal limit in length, both in the placebo and in the treated group during escape from sunitinib (Figure 47,B). We may assume that the parameter "maximum vessel length" describes the presence of long segments/arcs, assumed to be a marker of malignancy in histology studies (by anti-CD34-IHC) in Sdhb -/-PGLs [START_REF] Favier | Angiogenesis and vascular architecture in pheochromocytomas: distinctive traits in malignant tumors[END_REF][START_REF] Oudijk | Vascular Pattern Analysis for the Prediction of Clinical Behaviour in Pheochromocytomas and Paragangliomas[END_REF].

The maximum vessel length reaches its highest value at the same time than the vessel volume (Figure 45,C), when 18 F-FDG-uptake is high in both sunitinib and vehicle-treated mice (Figure 45 B,D). In addition, the decrease of maximal length at W1 with respect to baseline was correlated with the tumor volume at the last week of treatment (Figure 52 A). Hence, the more the maximal vessel length decreases at W1, the smaller the tumor volume at W6. Therefore, we propose that the maximum vessel length is an early-response biomarker of malignancy, which correlates with long-term efficacy of sunitinib.

Tumor vascularization has been described by Demené et al. using It is possible that the presence of a large number of vessels in the tumor before treatment could limit the efficacy of sunitinib. Since UUI resolution may be a limitation for the characterization of the SDHB model, DCE-US is likely to perform better the UUI with respect to the spatial resolution needed for assessment of the effect of sunitinib. DCE-US could also provide detailed functional parameters, such as perfusion [379,381]. However, DCE-US requires handling of a contrast agent, and precise determination of its distribution and concentration in the vessels requires complex computed models. In our hands, the injection of microbubbles was poorly reproducible. In the future, studies with the use of contrast enhanced-UUI in combination with 18 F-FDG-PET will be explored.

In contrast to several studies of anti-VEGFR therapy, we did not observe a "normalization phase" [START_REF] Jain | Normalizing Tumor Microenvironment to Treat Cancer: Bench to Bedside to Biomarkers[END_REF]464]. During this phase, the chaotic vessels are supposed to be more regularly distributed, allowing a better oxygenation of the tumor. Here, we did not observe any change in the "tortuosity" parameter (Figure 47,E). This apparent discrepancy may be linked to our limited resolution or to the fact that the normalization phase actually takes place before the first week of treatment.

In addition, topographic analysis of co-registered PET and UUI showed that at W2-W4 of sunitinib treatment, the regions with increased 18 F-FDG uptake, corresponding to the metabolic switch, were richly vascularized regions (Figure 50). At W5 and W6 of treatment, the vessel volume increases (Figure 45 C) and the density of vessels is higher in the regions with intermediate FDG uptake than in the ones with low or high FDG. This distribution of vessels is the same as the one of vehicle-treated tumors over three weeks and in sunitinibtreated tumors at W0 and W1. Hence, at W2-4, vessels are located in the hypermetabolic region.

Our in vivo results support the following scenario: sunitinib appears to create conditions of low oxygen concentration at W2-3-4, which could induce cancer cells to consume more glucose and produce lactate by anaerobic glycolysis in order to supply their metabolic needs.

In turn, lactic acid would lower local pH, creating acid and hypoxic zones where more vessels will be recruited than in surrounding regions. This hypothesis raised by in vivo results has been tested by ex vivo tumor analysis in the next section.

Summary and conclusion -part A

PET-CT-UUI multi-parametric analysis allowed to establish the evolution of glycolytic metabolism, tumor volume and vascularization in Sdhb -/-PGLs and their changes under sunitinib treatment.

Without treatment, Sdhb -/-PGLs grow steadily in size, vessel volume and glycolytic metabolism and reach the ethical size limits in three weeks. In contrast, sunitinib induces a reduction in glycolytic metabolism and stalls tumor volume and vascularization during that time.

Sunitinib prevents both the metabolic flow and the phosphorylation of 18 F-FDG at W1 and W2, indicating an early effect on tumor metabolism. At W3, these parameters resume growth, indicating that resistant tumors have elicited a "metabolic switch" that can be quantified by the increase in 18 F-FDG uptake. At this time, the high SUV uptake regions are richly vascularized.

Tumor volume resumes growth at W4 of sunitinib treatment, showing that the changes in the tumor microenvironment are not reflected by tumor shrinkage [148].

Sunitinib inhibits angiogenesis, quantified as vessel volume or number of nodes during the first 4-5 weeks of treatment and slows down the tumor and vessel re-growth at W5- [START_REF] Gordan | Hypoxia Inducible Factors: Central Regulators of the Tumor Phenotype[END_REF] indicates that sunitinib was efficient from W1 to W4 and maintained some activity at W5-6.

Interestingly, an extensive analysis of PET-UUI parameters showed that the decrease in the maximum vessel length (UUI) and total lesion glycolysis ( 18 F-FDG) after one week of treatment were correlated with CT at W6. These two parameters are predictive of the efficacy of sunitinib treatment at long term. b, c). In contrast, vessels in the sunitinib-treated group were less numerous (Figure 54 A: d,e,f). The reduction in CD31-staning was quantified in two ways: total surface of CD31-positive cells and total number of vessels per field of view (Figure 54 B,C). Both parameters decreased significantly after 1, 3 and 6 weeks of sunitinib-treatment in comparison with baseline, while they increased in the vehicle-treated animals. In particular, CD31-surface was decreased by 68% at W1, 65% at W3 (p <0.05, p=0.01) and 49% at W6 (p=0.03) in comparison with baseline These results are in favor of a metabolic remodeling with enhanced anaerobic glycolysis starting at W1 and continuing after W3 of sunitinib treatment. 

Sunitinib induces the formation of lipids droplets at W3 and W6

Little or no lipid patches were found at W1 of sunitinib treatment (Figure S5). Lipid droplets were present at W3 and W6 of sunitinib treatment (Figure 58), with more lipids at W6. 

Sunitinib induces a decreased tumor proliferation at W3 and W6 of treatment

Ki-67 is a nuclear protein expressed during all active phases of the cell cycle (G1, S, G2) [465].

Its expression is associated with tumor proliferation and it is used as a proliferation biomarker of tumors, including PPGLs, breast and head and squamous cell carcinoma, etc.. Ki-67 and 18 F-FDG uptake are often correlated, although at a low degree [2].

At W3, the sunitinib-treated group presented a lower Ki-67 index than the vehicle-group 

Discussion

Ex vivo analyses confirmed that the angiogenic switch, in sunitinib-treated tumors, measured at W5 by UUI (Figure 45 They also confirmed the metabolic switch towards anaerobic glycolysis at W3 (Figure 56, 57).

In addition, ex vivo studies allowed further insight into the effects of sunitinib on metabolism and vascularization.

Our results show that the drop in microvascular density measured by CD31 is not correlated with the inhibition of tumor growth by sunitinib (Figure 45 The differences between the microvascular density as defined by CD31 staining and UUI parameters can be explained by two arguments. The first concerns UUI resolution, which is not sufficient to allow measuring the drop in vascular density shown by CD31-staining.

However, it cannot be taken for certain that a better UUI resolution would have changed the main result of this work, i.e. that the metabolic adaptation occurs before the angiogenic switch. Secondly, it is known that CD31-staining does not differentiate between functional and non-functional vessels [470]. It would be interesting to determine which vessels were indeed functional at W6, for example by using isolectin-staining [471].

In order to take a closer look at the integrity of vessels, we quantified the pericyte coverage (Figure 55). The stability of vessels depends on ECs, pericytes and basement membrane [382,472]. Tumor vessels often have a weak pericyte coverage and ECs lose their adherent junctions, increasing leakage [START_REF] Bergers | The role of pericytes in blood-vessel formation and maintenance[END_REF]. Accordingly, Sdhb -/-tumor vessels are not fully covered by pericytes before treatment (Figure 55 Finally, we would like to hypothesize that sunitinib caused a decrease in oxygen concentrations in Sdhb -/-tumors, inducing the stabilization of HIF-1α throughout treatment.

HIF-1α stabilization together with the constitutional stabilization of HIF-2α subunits caused by SDH deficiency, enhanced the transcription of several genes responsible for metabolic reprogramming at W3 and consequent angiogenic switch at W5-6. This hypothesis should be confirmed by increasing the number of samples and measuring HIF-1α and HIF-2α expression.

Conclusion

CD31 expression and UUI measurement of vascular volume in Sdhb -/-tumors are not correlated, and this is possibly a limitation of the spatial resolution of the PET-CT-UUI in its present configuration. Nevertheless, CD31 is known to be a poor biomarker of the efficacy of sunitinib treatment because it evaluates only the inhibition of capillary growth, which persists during treatment. CD31 expression does not reflect neither the interaction between with cancer cells, stromal cells and the tumor microenvironment.

Sunitinib induces an early increase of HK2 and MCT4 at W1, which may indicate the beginning an early hypoxia-induced metabolic switch. Sunitinib decreases 18 F-FDG uptake at W1 by decreasing 18 F-FDG metabolic flux, which itself may reflect the decrease in vessel permeability, which itself may be related to the increase in pericyte coverage at W1.

The increase in HK2, MCT4, LDHA and MCT1 expression and not of GLUT1, is in favor of the enhancement of anaerobic glycolysis at W3. Accordingly, 18 F-FDG uptake and flux increased at W3. The clustering of GLUT1 may be explained by a prolonged-hypoxic state, indicating a steady HIF-1α concentration. The presence of lipids at W3 and W6 may also be due to hypoxia.

Altogether, these changes define a metabolic adaptation to sunitinib treatment, clearly visible by in vivo imaging at W3.

The low Ki-67 index may be explained by a prolonged hypoxia, while the decreased mTORC1 phosphorylation may be due to HIF-1α, and the insensitivity to sunitinib of AKT phosphorylation can be explained by a constant activation of HIF-2 α, which is constitutional in the SDHB-genetic status.

Finally, the increase in vessel volume measured by US and the enlargement of the diameter of CD31-stained vessels at W6 may represent a late effect of sunitinib resistance. 

Metabolic adaptation in cardiac hypertrophy

The heart adapts its metabolism to physiological and pathological conditions [485]. The few studies that have reported on sunitinib-induced hypertrophy are summarized here. Although it was reported that sunitinib induced cellular hypertrophy and cardiotoxicity through the activation of MAPK pathway in rat cardiomyocyte H9c2 cells [510], the precise molecular pathway involved in the developing of sunitinib-induced hypertrophy is not clear. 

Insulin resistance and endothelin

Metabolic deregulation

Sunitinib causes mitochondrial dysfunction with a consequent decrease in ATP production, which inhibits AMPK activity [514]. The inactivation of AMPK leads to decreased phosphorylation of FA with a consequent decrease in FA synthesis, increased β-oxidation and upregulation of glycolysis (Figure 64). The same authors reported the downregulation of mTORC1 signaling by sunitinib. 

Prevention of side effects

During sunitinib treatment, it is recommended to measure the arterial blood pressure [521] and hypotensive therapy can be prescribed [522]. Alternatively, sunitinib treatment can be ended, at the cost of risking cancer progression. Tumor-bearing mice were sacrificed after 1, 3 and 6 weeks of sunitinib or vehicle treatment.

Non tumor-bearing mice were sacrificed after 5 weeks of treatment, i.e. after the last imaging session. 

Cardiac Positron Emission Tomography (PET)

Mice were fasted overnight, anesthetized (2±0.5% isoflurane in air), weighed and glycaemia was measured in blood drawn from the caudal artery. We positioned the animals in the PET gantry as previously described (page 105) and we used the same PET machine as in the previous study with the same characteristics of acquisitions (see page 106). 18 F-FDG accumulation was quantified as mean SUV between 45 and 60min post-injection in 3D volumes-of-interest (VOI) delineated semi-automatically by iso-contours at 45% threshold of maximal value in the myocardium on PET/CT fusion slices using the PMOD software package (PMOD Technologies Ltd, Zürich, Switzerland). Metabolic flux was quantified using compartmental modeling tool of PMOD software using the same VOI as above and a VOI semiautomatically delineated on the vena cava for the arterial input function as previously described [START_REF] Taïeb | Modern nuclear imaging for paragangliomas: beyond SPECT[END_REF]. Metabolic rates of glucose (MRGlu) were calculated by the multiplication of the metabolic flux by [plasma glucose (mmol/l)/lumped constant (fixed at 0.69)].

WB WB

Echocardiography

Conventional echocardiography was performed in anesthetized mice using a Vevo 2100 high resolution ultrasound device (Visualsonics, Toronto, Canada) with a 40MHz probe (MS-550).

Mice were anesthetized with 3% isoflurane in air for induction and maintained with 1.5%. 

Assessment of cardiac fibrosis

Paraffin hearts sections were incubated with Picrosirius red (VWR) 0.1% in picric acid (Sigma) in a Leica ST5020 automatic strainer during 30 min and dehydrated in ethanol and xylene.

Whole sections were observed at a magnification 20x using a Nanozoomer HT 2.0 (Hamamatsu) and fibrosis was quantified using Matlab®-based software described page 113.

Western blotting

Twenty micrograms of heart lysate were loaded onto a 10% SDS-PAGE gels (mini-protean TGX gels, BioRad) and transferred to nitrocellulose membranes. The membranes were blocked and incubated with the following primary antibodies: p-mTOR (rabbit anti-mouse, CS2971S, 1:1000), mTOR (rabbit anti-mouse, CS2972S, 1:1000), p-AKT (rabbit anti-mouse, CS 9271S, 1:1000), AKT (rabbit anti-mouse, CS 9272S, 1:1000) and GAPDH (CS2118S, 1:1000).

Membranes were then incubated with anti-rabbit secondary antibodies (goat anti-rabbit AB217673), imaged with LI-COR Odyssey imaging system and quantified using Image Studio Lite 2.

Arterial pressure Measurement

Arterial pressure was measured at baseline, week 1 and week 3 of treatment (vehicle, sunitinib, sunitinib plus macitentan and macitentan) in a VISITECH-Systems (BP2000, BP2 -002250).

Statistics

Data are expressed as mean ± SEM. Analysis was performed with Graphpad Prism (7.00).

Unpaired and paired tests were used to compare two data sets; one-way ANOVA was used to compare four data sets at one time point, and two-way ANOVA was used to compare four groups followed across time 4 Results

Sunitinib enhances cardiac glycolytic metabolism at W1 and induces ventricular dilatation at W6

Sunitinib increased cardiac 18 F-FDG uptake at W1: the max SUV was significantly increased in 

Cardiac 18 F-FDG-uptake at W1 is correlated with LV mass at week 6

In the heart, the SUV mean values increased relatively to baseline at 1 week of sunitinib treatment (early effect) (Figure 67): they were positively correlated with LV mass at week 6, demonstrating a link between the early effects of sunitinib on cardiac metabolism at W1 and late heart remodeling with hypertrophy at W6. 

Macitentan prevents cardiac fibrosis after 5 weeks of sunitinib treatment

Cardiac fibrosis was observed at W5 of sunitinib treatment but not after vehicle treatment (p <0.05) (Figure 70). The co-administration of macitentan and sunitinib prevented fibrosis, while macitentan alone had no effect on fibrosis. 

Discussion

Our results show that sunitinib induces a cardiac hypertrophy, which can be early predicated by in vivo imaging (Figure 66, 67).

They also show that sunitinib-induced hypertension is prevented by the co-administration of macitentan, in agreement with previous studies [501] (Figure 68). We observed that pressure overload was associated with cardiac remodeling, in particular with hypertrophy as shown by the elevated LV mass and collagen fibers (Figure 69, 70). However, macitentan-coadministration was unable to protect the myocardium against myocardial enlargement (Figure 69).

Our study suggests that in addition to the endothelin axis, other pathways are also involved in We have demonstrated that sunitinib-induced cardiotoxicity is a complex phenomenon, involving different metabolic pathways. Importantly, the metabolic changes towards glycolytic metabolism were predictive of late-heart remodeling. This early metabolic effects of sunitinib could be useful in clinical practice, since routine whole-body 18 F-FDG-PET scans are often performed during cancer treatment follow-up.

Finally, we have shown here that the endothelin axis is not the only signaling pathway controlling sunitinib-induced eccentric hypertrophy. Our results suggest that other treatments should be associated to prevent cardiac hypertrophy. For instance, an inhibitor of the aryl hydrocarbon receptor, which is involved in cardiomyocyte hypertrophy in vitro [509], may improve cardiac eccentric hypertrophy.

Conclusion

The pre-clinical results regarding the cardiotoxicity of sunitinib presented in this chapter have set the basis for a clinical translation. Specifically, the results in this thesis support the possibility to use FDG-PET as an early biomarker of anti-angiogenic-induced eccentric cardiac hypertrophy.

The cardio-oncology medical unit that opened recently at the Georges Pompidou European 

General conclusion

Our work has demonstrated the usefulness of using a hybrid imaging technique to investigate tumor resistance and cardiotoxicy to sunitinib in a mouse model of Sdhb -/-mutated PGL.

In particular, PET-UUI allowed to explore the close relationship between tumor metabolism and angiogenesis during sunitinib treatment. The early changes in 18 F-FDG uptake during neoangiogenesis inhibition provided precise metabolic information indicating the beginning of anti-angiogenic treatment resistance. In addition, the early change in cardiac metabolism was a sign of starting sunitinib-induced cardiotoxicity. Our study shows that longstanding inhibition of angiogenesis induces global metabolic changes in tumors and heart.

The use of PET-UUI enabled the identification of several tumor and molecular biomarkers that can predict both efficacy and cardiotoxicity in the SDHB -/-PGL mouse model. In particular, the decrease in maximum vessel length and total lesion glycolysis after one week of treatment were correlated to tumour regrowth after six weeks. In addition, the change in cardiac 18 F-FDG-consumption after one week was correlated to the increase in mass of the left ventricle.

Thus, sunitinib induces directs effects on vascularization and, indirectly, on metabolism.

In addition to imaging in vivo, we also investigated the effects of sunitinib ex vivo. In Sdhb -/- tumors, we described an early metabolic adaptation of Sdhb -/-tumor towards anaerobic glycolysis during hypoxia, before the acquired resistance to AAT. These results confirmed the validity of our multi-parametric approach based on in vivo imaging. PET/UUI was able to determine non-invasively the early metabolic adaptation to sunitinib. In the heart, 18 F-FDG uptake and hypertrophic features were linked to the activation of pathological pathways.

This work demonstrates that multi-modality imaging techniques may be useful to improve patient care during AAT. A multi-parametric analysis allows to detect changes in different hallmarks of cancer. In the future, full-body 18 F-FDG-PET-UUI may become routine for cancer patients, extending the scope of hallmarks that will be explored simultaneously. Monitoring direct and indirect effects of anti-angiogenic treatment on the tumor and on off-target organs would help to patient management, treatment selection, assess its efficacy and alert on toxic side effects. 
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Figure 1

 1 Figure 1 Tumor Microenvironment. Different cell types compose solid tumors: the parenchyma and stroma contain different cells and subtypes that allow tumor growth. Taken from[START_REF] Hanahan | Hallmarks of Cancer: The Next Generation[END_REF].

Figure 2 :

 2 Figure 2: Hallmarks of cancer. Adapted from [5].

Figure 3 :

 3 Figure 3: The glycolytic pathway showing the catabolic and anabolic intermediates. Taken from [29].

Figure 4 :

 4 Figure 4: Glutamine/Glutamate metabolic pathways.Taken from [34]. Glutamine is converted into glutamate by GLS. Glutamate is transformed by glutamate dehydrogenase (GLUD) or aminotransferase to α-ketoglutarate. Oxaloacetate is a precursor of aspartate for nucleotide or amino acid synthesis, and citrate for lipid synthesis.

  Sonveaux et al. observed that lactate was the fuel for oxidative metabolism in vessel-proximal tumor cells and that monocarboxylate transporter 1 (MCT1) was fundamental to induce lactate exchange between cancer cells[31] [32]. They defined "metabolic symbiosis" the coexistence of hypoxic tumor cells fermenting lactic acid, with oxygenated tumor cell supporting oxidative metabolism. The hypoxic cells take up glucose which is converted to lactate by lactate dehydrogenase A (LDHA), which is exported by monocarboxylate transporter 4 (MCT4), and taken up by MCT1 in the normoxic cell where it can be re-converted to pyruvate by LDHB (Figure5).

Figure 5 :

 5 Figure 5: Metabolic symbiosis.Taken from[START_REF] Porporato | Anticancer Targets in the Glycolytic Metabolism of Tumors: A Comprehensive Review[END_REF].

Figure 6 :

 6 Figure 6: Healthy and tumor vascularization. (A) Vascular network linked to the balance between angiogenesis activators and inhibitors, (B) examples of activators and inhibitors mediators, (C) cellular components of vessel in normal tissue (left) and tumor (right). Adapted from[START_REF] Jain | Normalizing Tumor Microenvironment to Treat Cancer: Bench to Bedside to Biomarkers[END_REF],[START_REF] Mundel | Type IV collagen-derived Angiogenesis Inhibitors[END_REF],[START_REF] Schaaf | Defining the role of the tumor vasculature in antitumor immunity and immunotherapy[END_REF].

Figure 7 :

 7 Figure 7: Localization of parasympathetic (A) and sympathetic (B) paragangliomas.Adapted from[START_REF] Taïeb | Modern nuclear imaging for paragangliomas: beyond SPECT[END_REF][START_REF] Timmers | Superiority of Fluorodeoxyglucose Positron Emission Tomography to Other Functional Imaging Techniques in the Evaluation of Metastatic SDHB -Associated Pheochromocytoma and Paraganglioma[END_REF].

Figure 8 :

 8 Figure 8: Vascular architecture in PPGLs. Immunostaining of blood vessels with anti-CD34. (A, D) benign tumors,(B, C, E, F) malignant tumors. Taken from[START_REF] Oudijk | Vascular Pattern Analysis for the Prediction of Clinical Behaviour in Pheochromocytomas and Paragangliomas[END_REF].

Figure 9 :

 9 Figure 9: Succinate dehydrogenase. SDH is a multimeric assembly of SDHA and SDHB (catalytic subunits), protruding into the mitochondrial matrix and containing the iron sulfur complex (Fe-S), and of SDHC and SDHD (anchoring subunits) enclosing a bound haem moiety and a site for ubiquinone. SDH catalyzes the oxidation of succinate into fumarate, and derived electrons can feed the respiratory chain complex III to reduce oxygen and form water or can reduce the ubiquinone pool. Taken from [113].

Figure 10 :

 10 Figure 10: SDHA and SDHB immunostaining in RET-, SDHD-and SDHA-mutated tumors. The SDHAmutated tumor displays negative SDHA-and SDHB-staining. The SDHD-mutated tumor are positive only for SDHA-staining and RET-mutated tumors are positive for both SDHA-and SDHB-staining. Taken from [122].

  Mutations of FH have been reported in hereditary cutaneous and uterine leiomyomas[139, 140] and increase the risk of papillary renal cell carcinomas of type II [141]. In 2013, Castro-Vega et al. identified FH hereditary mutations in five patients with PPGL in a cohort of 600 patients without any known hereditary mutation [142]. FH phenotype was similar to the SDHphenotype: the accumulation of fumarate leads to the same epigenetic changes, i.e. low 5-hmC due to inhibition of the TET (Ten-eleven translocation) enzymes and resulting in a noradrenergic biochemical phenotype, and to a high risk of malignancy due to the overexpression of hypoxia-inducible factor 1 alpha (HIF-1α) [89]. The increase in fumarate is detected by IHC because the reaction with cysteine sulfhydryl groups generates stable S-(2succinyl) cysteine (2SC) [143].

  disease. VHL gene codifies for the protein VHL (pVHL), a component of an E3 ubiquitin ligase complex. The mutation of VHL gene can alter or lead to loss of the normal protein's activity, which results in an increased amount of. The lack of rapid degradation of HIF-1α normally occurs in states of hypoxia and pseudohypoxia. Mutations in EGLN1 and 2, which encode PHD 2 and 1, are also present in PPGLs and mutations in EPAS1 increase the concentrations of HIF-2α[START_REF] Astuti | Mutation analysis of HIF prolyl hydroxylases (PHD/EGLN) in individuals with features of phaeochromocytoma and renal cell carcinoma susceptibility[END_REF].

  hemangioblastomas [151]. Mutated HIF-2A does not allow a correct hydroxylation by prolyl hydroxylase, which leads to a weak binding of VHL protein and HIF-2α stabilization. Consequently, downstream genes of HIF2α are upregulated, including GLUT1, LDHA, Erythropoietin and VEGFA [152]. HIF2A-related tumors, mostly in young people, are caused by post-zygotic mutations and sometime by a germline mosaicism [153].

  as VHL,RET, NF1, MAX, HIF2A and PHD2 (Reviewed in [154]). In fact, somatic mutations in VHL or RET genes are present in 14% of sporadicPPGLs [155]. SDHx-mutated carriers can carry other somatic mutations, such as ATRX[156]. Castro-Vega et al. identified 672 somatic variants in 30 whole-exome analysis[START_REF] Castro-Vega | Multi-omics analysis defines core genomic alterations in pheochromocytomas and paragangliomas[END_REF]. Among the genes mutated are: CDH1, MLL2, SLC45A3, PCM1, ATRX, GNAS, FLT3 and FHIT. They also found that the mutation rate was 0.3 mutation per megabase, with no change between the different subgroups or in relation to the metastatic status. Additionally, the same study revealed that the most frequent mutations were C>T transition, which do not lead alone to tumorigenesis. In the same cohort, MET was mutated in 7% of cases and found in clusters 2 A and B of tumors. MET receptor with tyrosine kinase activity triggers the RAS/MAPK signaling pathway, a proliferative cell survival pathway.Somatic mutation of HRAS are known to activate MAPK pathway, but they are not associated to malignant phenotype according to WHO criteria[START_REF] Stenman | HRAS mutation prevalence and associated expression patterns in pheochromocytoma: HRAS MUTATIONS IN PPGL[END_REF] 157].In 2017, another international study on the molecular characterization of PPGL identified a new gene somatically mutated, CSDE1 (cold shock domain containing E1), which drives tumorigenesis, complementary to others, such as HRAS,RET, EPAS and NF1 [100]. CSDE1, also known as UNR, affects RNA stability and is involved in cell development and homeostasis; it is also oncogenic because it can lead to abnormal expression of the downstream N-RAS gene [158, 159]. CDSE1 somatic mutation and MAL3 fusion gene define the Wnt-altered subgroups of PPGL [100].
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 12 Figure 12: Response to hypoxia. During hypoxia, the three HIF-α subunits (HIF-1α, HIF-2α, and HIF-3α) are stabilized and heterodimerize with HIF-1β, binding to hypoxia response elements and subsequently activating the selective transcription of different target genes. Taken from [165].
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 13 Figure 13: Tumor hypoxia stimulates tumor vascularization, chemo-and radio-resistance, EMT and metastasis. Taken from [176].

  different studies describe HIF effects that are either pro-or anti-proliferative or apoptotic, or induce apoptotic cell death[177][178][179]. These discrepancies are linked to regulation mechanism, dependent on the cell type, and are related to the different subunits of HIFα. For example, BCL2 Interacting Protein 3 (BNIP3), which is a mitochondrial proapoptotic protein belonging to the Bcl-2 family, contains a functional HRE and can be activated by was previously considered to be overexpressed in response to HIF-1α upregulation, modulating p53 stabilization leading to apoptosis [180]. In contrast, recent studies showed upregulation of HIF-2α in metastatic RCC (mRCC) cells [181] and HIF1-α in human mRCC samples [182], leading to low BNIP3 expression, to be caused by histone acetylation and not by methylation [182]. In addition, BNIP3 has been associated with autophagic cell death in esophageal squamous cell carcinoma (ESCC) [183]. In PPGLs, BNIP3 levels are low in SDHB-mutated and HIF-2αmutated [147]. Furthermore, in RCC cells, HIF-2α overexpression can enhance cyclin-D1 expression, which controls the G1-to-S transition in the cell cycle [181]. In contrast, HIF-1α does not regulate cyclin-D1, but enhances the expression of cyclin-G2, with an anti-proliferative effect. From a genetic standpoint, cell immortalization is achieved by reactivating telomerase in about 85% of human carcinomas or by a recombination-based alternative lengthening of telomerase (ALT) pathway in sarcoma and neuroendocrine tumors (reviewed in [184]). 20% of PPGLs are immortalized by either ALT mechanism or telomerase activation, which prevails in SDHB-mutated PGLs [185].

  HIF-1 is known to modulate the expression of different angiogenic factors that promote the sprouting of blood vessels from the pre-existent vascularization, including VEGF-A [186] and Angiopoietin 2 (Ang-2) [187], two receptors ligands expressed in response to hypoxia. During angiogenesis, the endothelial cells situated on the tip of the new branches of growing vessels express VEGF receptor-2 (VEGFR-2) and their migration follows the VEGFA gradient. HIF binds to the VEGF promoter by inducing its expression. In vitro studies have shown that these genes are controlled by HIF-2α rather than by HIF-1α [188, 189]. However, VEGF-A expression can be independent by hypoxia, controlled by Ras-MEK-extracellular signal regulated kinase (ERK) and by the stress-activated kinase p38 [190].

  can increase ATP production by increased the activity of the glycolytic enzymes. Under hypoxia, HIF-1α enhances the expression of hexokinase 2 (HK2), which catalyzes the first step of glucose metabolism, and pyruvate dehydrogenase kinase-1 (PDK-1), which phosphorylates pyruvate dehydrogenase (PHD) and inactivate its activity[200]. This results in a decrease of the oxidation of pyruvate in mitochondria and in an increase of the conversion of pyruvate to lactate catalyzed by LDH in the cytosol. LDHA expression is also increased by HIF-1α. The expression of HK2 was observed to be significantly higher in SDHx-related PPGLs than in others PPGLs[201], a reason for the high18 F-FDG-uptake of these tumors; LDHA was also more active in VHL tumors than in NF1,.Additionally, HIF-1α can increase the expression of glucose transporters, such as GLUT1 and GLUT3, or increase the expression of the neutral amino acid transporter (LAT), which is a Na + exchanger for essential amino acids combining the glutamine efflux[203]. In PPGLs, GLUT1, GLUT3 and MCT4 have a higher expressed in SDH-and VHL-related tumors than in NF and 204]. LAT1 and 2 expression has been also reported higher in some pheochromocytomas and correlated to GLUT1 levels [205]. HIF-2α also enhances the expression of GLUT1 transporter and Cytochrome c Oxidase subunit 4 Isoform 2 (COX4I2), but not the expression of PDK-1, MCT4, LDHA, Pyruvate Kinase Muscle isoenzyme (PKM) and Aldolase A (ALDA) [189].

  [149]. Other studies suggest that the p53 pathway is involved in the regulation of glycolysis in VHL-mutated tumors [204]. In VHL-mutated clear cell RCC (ccRCC), HIF-2α increases the expression of target genes, such as VEGFA, GLUT1 and Cyclin D1 (CCND1) [206].

Figure 14 :

 14 Figure 14: Differential gene expression by HIF-1α and HIF-2α. Taken from [202].

1 and 2 )

 2 , an important proliferative pathway. In addition, RET also activates PI3K/AKT which increases the expression of cyclin D1, enhancing cell cycle progression and Bcl-2 expression, an apoptotic suppressor [222, 224]. NF1 mutations cause neurofibromatosis type 1 and predispose to breast and leukaemia. Tumor malignancy is driven by the dysregulation of RAS/MAPK signaling pathway [101]. The loss of function of NF1 (a GTPase-activating protein) leads to sustained intracellular concentration of active Ras-GTP, which results in sustained activation of Ras/Raf/MAPK signaling pathway and PI3K/AKT/mTOR stimulation [225]. The result is an increase in cell proliferation and survival and inhibition of apoptosis.

Figure 15 .

 15 Figure 15. Tumorigenic pathways related with mutations in tumor-suppressor genes (green) and oncogenes (red), targeted therapies (green).Taken[START_REF] Castro-Vega | Rethinking pheochromocytomas and paragangliomas from a genomic perspective[END_REF].

  phenotype, especially in SDH-and VHL-related tumors [202]. Accordingly, sunitinib (SUTENT®) is the most studied molecule for the treatment of metastatic PPGLs [229]. This multi-tyrosine kinase receptor inhibitor targets VEGFR-1, -2 and -3, PDGFR, c-Kit (stem-cell factor receptor), Flt-3 (Fms-like tyrosine kinase 3), RET and CSF1R (receptor of macrophage-colony stimulating factor). It is used in advanced RCC, GISTs and in some neuroendocrine tumors, such as pancreatic carcinomas or PPGLs [250]. In 2009, different research teams described the use of sunitinib in the treatment in patients with metastatic PPGLs [229, 251, 252]. Some reports showed complete or partial responses with sunitinib [251]. In 2012, Ayala-Ramirez et al.

Figure 16 :

 16 Figure 16: SPECT and PET. (A) SPECT: The radioisotope emits a gamma photon, detected by the gamma-camera. (B) PET: Positron annihilation. The radioisotope emits positrons that travels in tissue for a short distance where they interact with electrons generating two gamma photons emitted in opposite directions, which are detected by multi-head gamma detectors. Taken from [267].

Figure 17 :

 17 Figure 17: Targets for functional imaging in PPGLs. Glucose metabolism: 18 F-FDG is taken up by the glucose transporter GLUT 1 after chromaffin cell. Catecholamine metabolism: (1) F-DOPA is taken up by an amino acid transporter, converted into 18 F-dopamine (DA) and stored in the catecholamine storage vesicles (VMAT 1&2) (2) FDA or MIBG are taken up by the norepinephrine transporter NET. Somatostatin analogs (SSA) bind to the somatostatin receptor (sstr). Adapted from [268].

  Catecholamine metabolism of PPGLs can be visualized with 123 I-MIBG, a iodinated analogue of guanidine and structurally similar to norepinephrine, taken up by the norepinephrine transporter and stored in the secreting vesicles of chromaffin cells via vesicular monoamine transporters (VMAT1 and 2). 123 I-MIBG scintigraphy is a well-established imaging technique for the staging of PPGLs [265]. It is used in patients with PCC because it is sensitive (83%-100%) and highly specific (95%-100%) [265], but it is less efficacious in multiple and hereditary PGL (sensitivity of 52-75%) [269, 270]. 123 I-MIBG is used to select candidates for 131 I-MIBG therapy. In this case, SPECT/CT increases the diagnosis sensitivity. However, the resolution of SPECT is limited for detecting tiny lesions and to quantify tumor metabolism. Recently, an analogue of MIBG, 18 F-MFBG, was used for PET imaging because it is safe and shows a favorable biodistribution and kinetics with precise targeting of tumor lesions [271].

  18 F-fluorodopamine ( 18 F-FDA) is a radiotracer used for the detection of malignant PPGLs by PET [268]. It is a precursor of catecholamine, binds norepinephrine transporters, and is accumulated in the normal adrenal gland, like 123 I-MIBG [272]

Figure 18 :

 18 Figure 18: Comparison of FDA-PET and MIBG-SPECT. 18 F-FDA (left) can detect more metastatic PGL lesions than 123 I-MIBG-SPECT (right). Taken from [268].

18 F

 18 -FDOPA stored in the catecholamine storage vesicles is detected and quantified by PET imaging. PET/CT with 18 F-FDOPA is highly sensitive (79%) and specific (95%)[274]. Several studies showed that 18 F-FDOPA in H&N PGLs reaches 100% specificity[270,[275][276][277]. In metastatic and abdominal PGLs and SDHB-positive PGLs,18 F-FDOPA-PET performs poorly: sensitivity of 20% in SDHB carriers[276,[278][279][280] (Figure19).

Figure 19 :

 19 Figure 19: Comparison of functional imaging in a patient with metastatic SDHB PGL. Taken from [13].

  Somatostatin receptors (SSTRs) are G-coupled receptors present on the plasma membrane of neuroendocrine cells. Five subtypes of SSTR exist, but somatostatin analogues only bind subtypes 2, 3 and 5 [281]. SSTRs expression in PPGLs was described some decades ago [282]. Leijon et al. described a cohort of 151 PPGLs, mostly negative for SSTR-1, -4 and -5 expressionstaining, and expressing SSTR-2 and -3 in 74.8% and 78.1 % of cases respectively [283]. In addition, SDHB-related PPGLs were found to have a moderate or strong staining for SSTR-2A and -3 in comparison to non SDH-mutated tumors [284]. The overexpression of specific SSTRs has been used to treat PPGLs with somatostatin analogues [285].

  abdominal PGL identification, and is sensitive in PPGLs with genetic defects involving mitochondrial proteins like SDH or hypoxic induced factors [299]. However, 18 F-FDG-PET accumulates in brown adipose tissue activated by catecholamines secretion, leading to difficult assessment of lymph node invasion [300].I used PET with18 F-FDG coupled to CT. Fluorine-18 ( 18 F) is produced in a cyclotron by proton bombardment of 18 O (Figure20, i). The half-life of18 F is 110 minutes.18 F is then substituted for the 2-hydroxyl group of glucose in the deoxyglucose molecule (Figure20, ii).18 F-FDG is injected into the blood stream (Figure20, iii) and the gamma ray coincidences are detected by gamma detectors (Figure20, iv). Finally, a 3D image is reconstructed (Figure20, v-vi).

Figure 20 :

 20 Figure 20: PET imaging of the human body. (i) Radionuclide generation, (ii) synthesis of 18 F-FDG radiotracer, (iii) injection of radiotracer into the bloodstream of the patient, (iv) detection of gamma (annihilation) photons, (v) image construction, (vi) Normal 18 F-FDG -PET image. Taken from [301].

Figure 21 :

 21 Figure 21: Two-tissue compartment model.18 F-FDG, similarly to glucose, is transported into tissue by glucose transporters (GLUTs). The flux of18 F-FDG and glucose depends on the rate constants K1 and k2

  averaged18 F-FDG activity in any VOI in the PET image at every time point (t) of the dynamic sequence is described by:CModel (t) = (1 -vB) (C1 (t) + C2 (t)) +vB CBlood (t), CModel= [18 F-FDG] in the VOI tracer in the tissue circulating tracer vB = fraction volume of capillaries 1-vB = represent the tissue C1(t) + C2 (t)= Ctissue(t) CBlood = corresponding to AIF The tissue concentration of the radiotracer over time is: 18 F-FDG] in the tissue tk begin/end = start/end time of acquisition Ci (t) = tracer concentration in one compartment i at time t As 18 F-FDG is trapped irreversibly inside the cell, an important parameter to measure is the net influx rate Ki with which 18 F-FDG is transported unidirectionally into the tissue: Ki = 𝐾 1 𝑘 3

  Patlak et al. [309] developed a graphical analysis model to calculate the MRGlu for radiotracers irreversibly trapped in tissue. The tissue TAC or CT (t) (logarithmic-line) is transformed by linear regression (straight-line) and plotted at a "normalized in time" (t') (Figure22).The graphical line equation is shown in Figure22. The y-axis is the ratio between the 18 F-FDG concentration of the tissue (Ct) and that of the plasma (Cp). The x-axis is the integral of AIF, divided by the instantaneous plasma activity (Cp) at one time point (t). The equation defines parameters k (the slope) and V (the intercept).The slope k represents the metabolic flux of 18 F-FDG, which is equal to K1k3/ (k2+k3) for the two-tissue compartment. The intercept V is equal to V0+vB, i.e. the distribution of volume of C1 (Vo) plus the blood volume fraction (vB).Thus, the MRGlu derived from the Patlak model is:MRGlu = K 𝑃𝐺 𝐿𝐶MRGlu provides a precise quantification of the consumption of glucose/ 18 F-FDG in the cell. For example, it can be useful to distinguish different cell types in cancer, like melanoma [310], or to show remarkable changes in MRGlu during chemotherapy in patients with multiple metastasis or with glioma[311, 312].

Figure 22 :

 22 Figure 22: Patlak plot. Example on my data using PMOD software.

Figure 23 :

 23 Figure 23: General algorithm for imaging diagnosis and staging in PPGLs. It is recommended by Pheochromocytoma and paraganglioma RESearch Support ORganization (PRESSOR). Taken from [265].

  imaging techniques are ideal. A variety of imaging modalities are used to study tumor vascularization they can be classified into three major groups: non-optical methods (CT, MRI, ultrasound (US), PET), optical methods (fluorescence, multiphoton, laser speckle contrast imaging) and hybrid methods (photoacoustic imaging). Here, I review the non-optical methods (principle and application) used in PPGLs.

  CT and MRI (DCE-MRI)CT imaging is based on the attenuation of X-rays in the different body tissues. CT can be used to image large blood vessels, like the coronary artery[317]. The resolution reaches 50µm in micro-CT (µCT) and recently even 1µm, allowing the visualization of small vessels in pre-clinical research[318]. CT perfusion or dynamic-enhanced CT (DCE-CT) acquire a series of 3Dvolumes, after the injection of iodinated contrast agent[319]. Using DCE-CT, quantitative parameters can be calculated, such as blood flow (BF) and volume (BV), mean transit time (MTT=BV/BF) and capillary permeability, for the exploration of microcirculation in the tissues[320]. Relationships between CT perfusion parameters and tumor angiogenesis have been described. For example, Li et al. found that CT perfusion is very precise for the evaluation of angiogenesis in colorectal carcinoma[321]. CT perfusion exposes the patient to ionizing radiations. This technique is used for the diagnosis of PGLs[START_REF] Lenders | Biochemical diagnosis of pheochromocytoma and paraganglioma[END_REF].MRI is based on the behavior of protons in a magnetic field. In MRI images, the grey contrast intensity is related to the rate of magnetization decrease in the normal plane after a transient magnetic impulsion (T2) and to the rate of magnetization recovery along the magnetic field after the impulsion (T1). It provides excellent soft tissue contrast and dynamic contrastenhanced MRI (DCE-MRI) performed with T1-weighed sequences before, during and after IV administration of a contrast agent (low molecular weight gadolinium chelates). For example, angiogenesis can be estimated by measuring differences in blood volume[322]. Quantification is based on the transfer of the contrast agent from the microcirculatory network to tissue interstitium. Thus, it is possible to quantify blood flow, blood volume and capillary permeability[320]. The simplest analysis consists in the quantification of the area under the curve (AUC) of signal enhancement of the tissue over time. The shape of this curve reflects simple parameters like the slope of the enhancement, and the time to peak. However, after the application of a mathematic compartmental model (kinetic model) additional parameters can be measured, such as Ktrans (constant volume transfer of contrast agent (CA) from the vessels lumen to tumor interstitium), Kep (reverse transport parameter of CA to the vessels), vp (plasma volume fraction) and Ve (total volume of interstitium: extracellular and extravascular, describing the permeability). In preclinical and clinical studies, Ktrans and incremental AUC (IAUC) are the preferred parameters chosen to describe the effects of antiangiogenic drugs in different types of solid tumors[323, 324]. They refer to the capillary permeability surface area and flow. Reduction in Ktrans and IAUC have been reported under different tyrosine kinase inhibitors (TKIs) at short and long term such as sorafenib[325, 326], sunitinib[327, 328] and pazopanib [329] [330]. Ktrans decreases after the first days of bevacizumab in a colon cancer xenograft model [331]. These parameters have not yet been much investigated in PGLs. In PubMed, a research with keywords "DCE-MRI paraganglioma or pheochromocytoma" retrieved two articles, both analyzing the potential of DCE-MRI in distinguishing carotid or H&N PGLs from others tumors [332] [333]. I did not find any articles about PPGLs treated with AAT and analyzed by DCE-MRI. The reason could be the limitation of DCE-MRI: scanning long time, non-portable equipment, expensive, sensitive to movement artefact, and not ideal for real-time scanning. I did not explore DCE-MRI in the PPGL mouse model, but it is presently tested in the laboratory.

(

  sunitinib and everolimus) in preclinical tumor models or in mRCC patients[338, 339]. In patients with VHL disease, it was tested with unsuccessful results[START_REF] Giavarini | Acute catecholamine cardiomyopathy in patients with phaeochromocytoma or functional paraganglioma[END_REF]. In addition, VEGFR-2 can be linked to microbubbles and imaged by enhanced sonography to visualize angiogenesis[340, 341].However, these approaches are not in wide use, and integrin-specific radiotracers are more commonly used. Integrins are transmembrane and heterodimeric glycoproteins composed by α and β subunits. They are expressed on the surface of endothelial cells of growing vessels, but not in quiescent cells, and on tumor cells[342]. The most expressed are αv β3 integrins which, during cell adhesion and cell migration, bind to the arginine-glycine-aspartic acid (RGD) peptide sequence of proteins of the extracellular matrix, such as vitronectin and fibronectin.Inhibition of this binding induces cell death and prevents angiogenesis [337]. Targeting αv β3integrins with PET-radiotracers containing the RGD domain is widely used to image angiogenesis.18 F-Galacto-RGD and 18 F-Fluciclatide have been characterized[343]. The first clinical studies showed a correlation between 18 F-Galacto-RGD uptake and αv β3 integrin expression byIHC [344, 345]. However, the molecular mechanism of radiotracer-integrin uptake is not well understood. In fact,Rylova et al. reported that bevacizumab given for the treatment of squamous cell carcinoma xenografts reduced microvascular density and αv β3 integrin, but increased68 Ga-NODAGA-c(RGDfK) uptake after 7 days[346]. In contrast, dasatinib treatment caused a reduction in18 F-FDG and [ 64 Cu]DOTA-c(RGDfK) uptake after 3 days of antiangiogenic treatment[347]. In 2018,Andriu et al. reported the discrepancies between the uptake of radiolabeled RGD peptides and αv β3 integrin expression during antiangiogenic therapies were modulated by the integrin activation status[348]. Thus, the binding of RDG-labeled radiotracers to αvβ3 integrin can depend both on integrin expression and activation status.

  has a long history in clinical practice. It was introduced in the 1970's and in the following years, ultrasound (US) imaging underwent many improvements, such as Doppler imaging. Another modality is elastography, introduced in the 1990's to image tissue stiffness. The physical principle of medical US is the propagation of mechanical waves with intermediate to high frequencies ultrasound (2-20MHz in medical clinical imaging) [349]. The wave is assumed to propagate linearly in elastic medium, and wave phenomena such as diffraction and refraction are generally ignored. US allows morphological imaging of the human body. Ultrasound are produced by an electric current exciting a piezoelectric element in a transducer, converting electrical energy into mechanical US wave. Ultrasounds travel with an average speed of 1540m/s in soft tissues, and are attenuated depending on the tissue density and stiffness [350]. Changes in the acoustic impedance (z) of the tissue, which is a function of the density and speed of sound, create reflections of the US waves, called "echoes". Echoes retrieving to the transducer produce an electrical signal. Determining the travel time of the echoes back to the transducer indicates the distance between them, i.e. the depth in the image. The intensity of the propagation of the acoustic wave decreases with distance by attenuation, which combines absorption and scattering phenomena. Scattering is often negligible in comparison with absorption [351]. Therefore, high US frequencies cannot penetrate deeply, though they produce images with better resolution.
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 24 Figure 24: Example of 2D image of US in human. Taken from [349].
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 25 Figure 25: Principle of Doppler. Adapted from [353].

Figure 26 :

 26 Figure 26: Example of plots Doppler echoes. Taken from [354].

  imaging has been widely used to image vessels with a diameter of 4-6mm, like the carotid to detect atherosclerotic plaques [355] and in the diagnosis of deep venous thrombosis and chronic venous insufficiency [356]. At the beginning, non-directional continuous-wave Doppler was used, but it was soon replaced by the development of pulsewave, duplex (B-mode Doppler) and color Doppler flow imaging (reviewed in [357]). These conventional US modalities offer a compromise between spatial and temporal resolution: the spectral Doppler provides detailed quantitative information in a limited volume of interest (VOI) (limited spatial resolution, high temporal resolution), while Color Doppler offers a limited flow information in a large VOI (high spatial resolution, limited temporal resolution). Recently, the use of high time frame rates up to 20 000 frame/sec, in comparison to 50-200 frames/sec used in traditional clinical practice, called Ultrafast Ultrasound Imaging (UUI), was performed using either a plane-wave ultrasound emission [358] [359], diverging wave transmission [360] or gating techniques [359, 361]. The plane-wave US is transmitted in a single emission event; often, a plane-wave compounding with many angles is used to improve image quality (Figure 27). In this thesis, I used a UUI Doppler based on a 20-angle plane-wave emission. The plane-wave US allows to scan the whole region of interest and reduce the time of acquisition to 100µs, allowing to measure tissue motion, blood flow, and contrast agent dynamics.

Figure 27 :

 27 Figure 27: Conventional and ultrafast ultrasound imaging sequences of a 4cm deep region in a phantom. From left to right: conventional focused imaging, plane-wave imaging with 1 angle, 17 and 40 angles. Taken from [362].

  Doppler US is able to measure different parameters describing and discriminating a specific tumor lesion. In the carotid of PGL patients, US measures the tumor margin, homogeneity of echogenic lesions, multiple flow direction, low flow resistance in the tortuous vessels[375] (Figure28).

Figure 28 :

 28 Figure 28: Low-resistance pattern of vascular flow within a PGL imaged by Spectral Doppler (left) and a rich vascular network observed by color Doppler US in a carotid PGL (right). Taken from [375].

Figure 29 .

 29 Figure 29. Example of DCE-US scan with the contrast agent SonoVue before treatment and after 1 month of metastatic hepatic cancer, showing a decrease in tumor perfusion and volume. Taken from [383].
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 1 Sdhb knockout allografted mouse tumor modelIn the last 15 years, with the development of genetic engineering, numerous genetically mutated and grafted cancer models have been generated in order to study tumorigenesis and develop new therapeutic strategies. In particular, regarding PPGLs, tumors with mutations belonging to clusters 1 and 2 have been reproduced in mouse models. For example, RET-and NF1-mutated tumors, belonging to cluster 2, activate the RAS/MAPK and AKT/mTOR pathways, both in humans and in engineered rodent models and promote the development ofPCC [110] [223, 384, 385]. RET-and NF1-mutated tumors are more aggressive in mice than in humans because other genes, such as Pten, c-mos, Rb and Erbb2, which predispose to PCC, are activated only in mice[386][387][388][389]. In contrast, tumors with mutations in Cluster 1, characterized by pseudohypoxia, are difficult to reproduce in mice. In fact, the homozygous knockout (KO) of Sdhd has been reported lethal during mouse embryogenesis[110,[390][391][392].The team of Judith Favier used the Cre-Lox system to generate both a constitutional and a conditional inactivation of the Sdhb gene [390]. LoxP sites were inserted on both sites of Sdhb exon 2 [110] [390]. The constitutive KO model was obtained by crossing Sdhb-floxed mice with PGK-Cre m mice [393]. Two tissue-specific conditional KO models were obtained crossing Sdhbfloxed mice with the tyrosine hydroxylase-Cre (TH-Cre) or human Prostate-Specific Antigen-Cre (PSA-Cre) mice. However, after a long follow-up of a large cohort including constitutive heterozygous and tissue-specific Sdhb KO mice, no chromaffin tumor development could be observed. Eventually, a strategy to obtain PCC was successful, i.e. crossing Sdhb-floxed mice with Pten +/-mice, which are known to predispose to PCC [394]. However, no accumulation of succinate was observed [390], suggesting the absence of deletion of the Sdhb gene. To the best of our knowledge, no KO mouse for genes of cluster 1 predisposing to PPGL has been generated. Given the difficulty to generate a SDH-related animal model, allograft (same species) and xenograft (different species) cancer cells injected in athymic nude mice or severely compromised immunodeficient (SCID) mice are presently the sole models available. The tumor model used in this thesis was obtained by subcutaneous injection of immortalized mouse chromaffin cells (imCC WT) into the fat-pad of female NMRI nude mice. ImCC were obtained from chromaffin cells of the adrenal of Sdhb lox/lox mice, in which an homozygous knockout of Sdhb gene was generated ex vivo by excision of the exon 2 by the Cre/lox recombination system [110]. Two clones (c6 and c8) with characteristics similar to those of human tumors were obtained, with complete inactivation of the SDHB protein, loss of enzymatic activity of SDH, accumulation of succinate and hypermethylation (Figure 30).

Figure 30 :

 30 Figure 30: Generation and characterization of Sdhb -/-imCC. (A) Strategy used for the generation of Sdhb knockout in mouse. (B) PCR and western blots (WB) of WT, Sdhb -/-c6 and Sdhb -/-c8 confirming the complete loss of SDHB protein production while SDHA protein was not affected, (C) accumulation of succinate in the two clones, (D) heat map showing the high methylation rate of the Sdhb knockout cell lines. Taken from [110].

Figure 31 :

 31 Figure 31: Generation of Sdhb -/-allograft model in vivo and its propagation from the flank to the fat pad of the neck in nu/nu mice. Taken from [259].
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 8 . In 2004, the first anti-angiogenic drug accepted by the US Food and Drug Administration (FDA) was bevacizumab (Avastin; Genentech; CA, USA) for treatment of colon cancer [396]. Nowadays, several AA drugs are used in the clinic. They target either the VEGF pathway via anti-VEGF antibody (bevacizumab), or via small-molecule receptor tyrosine kinase inhibitors (s) (RTKIs) [397]. RTKIs block the VEGF-pathway by inhibiting the tyrosine kinase intracellular domains of VEGFRs (Figure 32). Numerous RTKIs have been developed such as sunitinib (Sutent; Pfizer, USA), sorafenib (Nexavar; Bayer Pharma AG, Germany) and pazopanib (Votrient; GlaxoSmithKline, UK). Pazopanib is approved to treat RCC and soft tissue sarcomas, and sorafenib to treat RCC, hepatocellular carcinoma and thyroid cancer [397]. Sunitinib is a multi-RTKI that targets VEGF receptors (VEGFRs), platelet-derived growth factor receptors (PDGF-Rs), and c-kit [398]. It is approved by the FDA for the treatment of renal cell carcinoma [399], imatinib-resistant GISTs [400] and neuroendocrine tumors [401]. This thesis focuses on sunitinib treatment in the PPGL mouse model. The IUPAc name of sunitinib is N-[2-(diethylamino)ethyl]-5-[(Z)-(5-fluoro-2-oxo-1H-indol-3-ylidene)methyl]-2,4-dimethyl-1Hpyrrole-3-carboxamide. It binds the ATP binding site of tyrosine kinase, altering its structural conformation, and inhibiting downstream phosphorylation and activation of related pathways [402] (Figure 33).

Figure 32 :

 32 Figure 32: Mechanism of action of anti-VEGF therapies. Anti-VEGF drugs enable VEGFs to bind VEGFR. Anti-tyrosine kinase drugs inhibit the tyrosine kinase domains of VEGFR2 (Y).They block the pro-angiogenic signal transduction leading to the activation of angiogenesis. Adaptation from[395].

Figure 33 :

 33 Figure 33: Sunitinib. (A) Chemical structure (C22H27FN4O2 ). Taken from [403]. (B) Scheme of sunitinib kinase inhibition: sunitinib competes with ATP for binding at the catalytic intracellular site of tyrosine kinase, avoiding dimerization and autophosphorylation, and consequently the activation of downstream signaling pathways.

  fast evasion from treatment. No initial tumor response to AAT is observed in this case. It is due to a pre-existing microenvironment rich in pro-angiogenic factors [335] and inflammatory cells [409]. In contrast, acquired resistance is due to tumor adaptation after an initial response to angiogenic inhibitors [410]. Several different mechanisms can explain acquired resistance (Figure 34): a) Vessel heterogeneity: tumor blood vessels are heterogeneous, and some of them can be resistant while others are sensitive [27]. Nascent tumor vessels depend on VEGF, matured vessels do not [411]. A characteristic of vessel maturation is the recruitment of pericytes to tumor vessels, mediated by platelet-derived growth factor (PDGF) [412]. Therefore, the use of multi-targets RTKI drugs, such as sunitinib, sorafenib or pazopanib, may present a benefit over more selective drugs. b) Alternative pro-angiogenic signaling pathways can be up-regulated in order to drive vessel growth and survival [413]. c) Alternatively, the stromal cells into the tumor, such as immature myeloid cells or fibroblasts, can recruit vascular progenitor cells and pro-angiogenic monocytes from the bone marrow [27, 410]. d) Finally, tumor cells may adapt to stress conditions during AA treatment. When AA treatment is given for a long period, the reduction in blood perfusion and metabolites exchange induces hypoxia and HIF-1 stabilization, which may trigger selection of aggressive cancer cells [199] with metastatic properties [414].

Figure 34 :

 34 Figure 34: Mechanisms of the resistance to VEGF-targeted therapy. (A) Vessel heterogeneity, (B) Alternative pro-angiogenic signaling, (C) Stromal cells, (D) Adaption to stress. Taken from [415].

Figure 35 :

 35 Figure 35: Different mechanisms of vascularization besides sprouting angiogenesis. (A) Intussusceptive microvascular growth, (B) Glomeruloid angiogenesis, (C) Vasculogenic mimicry, (D) Looping angiogenesis, (E) Vessel co-option. Taken from [415].

  marker/indicator of a normal or pathogenic biological process or of a response to a therapeutic intervention [424]. Biomarkers can be molecular, histological, radiographic or physiological, according to the FDA-NIH Biomarker Working group agency. In addition, a biomarker can have a diagnostic or prognostic value [425]. It can be numerical (quantitative) or categorical (quantitative or qualitative). The biomarkers mostly used in cancer are biological specimen-derived measurements and imaging biomarkers. In clinic, biomarkers can assist patient management during the diagnosis and staging of cancer, help to choose a specific treatment, predict and monitor therapeutic efficacy or toxicity [426]. In pre-clinical or clinical research, biomarkers can be used to evaluate a pharmacological effect, including drug target or inhibition, a modulation or alteration of cancer pathways, or the drug efficacy [427]. Biomarkers can assist drug development, accelerate drug approval and eliminate toxic or nonspecific compounds in order to decrease the costs of drug production [427]. Imaging biomarkers can be transferred into clinical use if they surmount 2 gaps, according to the roadmaps of Cancer Research UK (CRUK) and of the European Organization for Research and Treatment of Cancer (EORTC) (Figure 36) [428, 429]. Translational gap 1 is their use as robust research tools and translational gap 2 is their routine use in patient care. This requires full validation from the biological, clinical and cost-effectiveness points of view (Reviewed in [424]).

Figure 36 :

 36 Figure 36: Imaging biomarker Roadmap. Taken from [424].

  Robust methods of quantification in histology are useful to correlate the effects of sunitinib on tumor tissue with the in vivo results. I used a machine learning-based software for immunochemistry (IHC) and immunofluorescence (IF) image analysis, which was developed during my thesis. I participated in a quantitative quality control study, dedicated to validate the use of the software for the quantification of fibrosis. Here, I describe shortly the problematic in histological image quantification, the different methods available and the solution that was proposed. In medical imaging, the use of Computer-Assisted Diagnosis (CAD) was introduced for digital mammography in 1990 [437]. Today, CAD can help the diagnosis in radiology (e.g. nodules of lung) but can also be adapted to tissue histological sample analysis. Thanks to the introduction of digital scanners, histological images can be registered and stocked in digital format. This allowed the exponential development of image analysis algorithms adapted to histological analysis. In cancer detection and staging, several algorithms can recognize specific structures such as immune cells or cancer nuclei (like Ki-67 index) [438-440]. The presence, the size and the frequency of these features allow to define the presence or the severity of tumor lesions.Prior to image quantification (post-analytical phase), standardized procedures (pre-analytical and analytical phases) for IHC are necessary to ensure high reproducibility in the same laboratory or inter-centers (Figure37)[441, 442]. In practice, all histological samples are influenced by manual intra-and inter-operator variability. Thus, automatic quantification methods of pathological features in the post-analytical phase are necessary to avoid additional manual variability in the quantification, and to accelerate the process while reducing human costs and efforts on large datasets.The quality of the image also influences quantification and color and illumination normalization are necessary [443]. Color normalization is usually done with the image acquisition software that corrects spectral brightness. For IF staining, the intensity of fluorescence in paraffin-embedded tissue sections should be corrected for tissue autofluorescence.

Figure 37 :

 37 Figure 37: IHC/ IF: pre-analytical, analytical and post-analytical stages.

  F-FDG)PET-CT-UUI technique [435] in order to image simultaneously the changes in glycolytic metabolism and tumor vascularization during six weeks of sunitinib treatment. The objective was to clarify the early and late effects of the treatment, and to compare with the natural course of this aggressive tumor model. A secondary objective was to identify predictive in vivo biomarkers of the resistance to sunitinib treatment.

  Animal experiments were approved by the French Ethical committee under reference No 16-098 following the French law of animal experimentation n°2013-118. The allograft mouse model was obtained by subcutaneous injection of immortalized mouse chromaffin cells (imCC), carrying a homozygous knockout of the Sdhb (gene Sdhb -/-, clone 8) and propagated in the fat pad of NMR nude female mice (n= 37, Janvier Labs, France). Mice were housed and maintained in controlled temperature (24°C) and relative humidity (50%) on a 12/12light/dark cycle with free access to water and food. The tumor volume was measured daily using the formula: ½ × long diameter × (short diameter)2 . Once the tumor volume reached 140 mm³, mice bearing Sdhb -/-tumors were randomly divided into two groups (Figure38).One group (n=19) received an antiangiogenic treatment with sunitinib malate (CliniSciences, A10880-500). The other received the vehicle (n=14). For the sunitinib-treated group, sunitinib malate was dissolved at 10 mg/mL in DMSO/PBS(1:4) and for the control group, a DMSO-PBS solution (1:4) was prepared. Sunitinib was administered daily by oral gavage in a dose of 50 mg/kg for 6 consecutive weeks, in a volume of 200 μL. The same volume of DMSO-PBS solution was orally administered for the vehicle-treated group. When the tumor volume exceeded UKCCCR recommendations, or signs of advanced cancer disease appeared [427], mice were euthanatized.

Figure 38 .

 38 Figure[START_REF] Danhier | Cancer metabolism in space and time: Beyond the Warburg effect[END_REF]. Time line. Mice were divided in two groups: vehicle-and sunitinib-treated respectively. 8 mice from each group were scanned with PETRUS before and after 1, 2 and 3 weeks of treatment. In addition, the sunitinib-treated mice were imaged at 4, 5 and 6 weeks of treatment. The remaining mice were used for ex-vivo analysis (as described page 112).

Figure 39 :

 39 Figure 39: PETRUS imaging device during acquisition. (A) Photography of PETRUS, (B) Schematic setup used to image mice bearing Sdhb -/-tumors. Adapted from [447].

2 .

 2 the second CT (CT2) scan with the bath and the US probe located over the tumor in the first position of the US scan, was used for correction of PET attenuation during the PET scan reconstruction and to align the PET-UUI co-registration; 3. PET-UUI were simultaneously acquired after 18 F-FDG injection; 4. the third CT scan (CT3) with the bath and the US probe located at the final position of the US scan was performed to check the PET-UUI co-registration.

Figure 40 :

 40 Figure 40: Pipeline of PETRUS.

  (filter: Cosine ; Cutoff : 100%) [448] with a pixel size and slice thickness of 0.23 mm. PET acquisition was started 30 seconds before injection of ~10 MBq of 18 F-FDG in 0.2 mL saline into the mouse tail vein. List-mode PET data were collected during 60.5 min, binned using a 5ns time window, a 400-to 600-keV energy window, and a 1:5 coincidence mode, i.e. each detector associated with the five opposite detectors. Data were reconstructed by the TeraTomo reconstruction engine (3D-OSEM based manufactured customized algorithm, Mediso medical imaging systems, Hungary). A 31-frame dynamic sequence was chosen with the following time sequence: exclusion of 20 s; 10 frames of 5 s, 5 frames of 10 s, 2 frames of 15 s, 3 frames of 60 s, 5 frames of 120 s, 3 frames of 5 min, 3 frames of 10 min. The UUI system uses Matlab (The MathWorks, Natick, MA, USA) homemade scripts to perform the beamforming of the plane wave in both transmission and reception. UUI images were acquired as 2D planes of 12.8 x 20 mm 2 separated by 0.1 mm in Ultrafast Ultrasound Doppler mode. The individual planes were stacked together to compose the whole tumor volume image, corresponding to 70 to 200 planes. Each plane was obtained by averaging 300 temporal frames acquired with a frame rate of 500 frame/second. Each frame was composed of images of 11 tilted plane waves equally spaced between -10 and 10 degrees. Ultrafast Power Doppler volume represents the volume of red blood cells flowing in the vessels. In order to separate the signals coming from the tissue and the blood, a spatiotemporal filter based on singular value decomposition was applied [376]. The power (i.e., the square of the signal amplitude)

Figure 41 :

 41 Figure 41: Phantom used for the co-registration. (a) 3D representation of US probe above the phantom, (b) CT and UUI wires volumes before co-registration, (c) CT and UUI volumes after coregistration. Taken from [435].

  embedded. Sections 4 µm-thick were deparaffinized and rehydrated and then incubated with anti-CD31 (1:100, DIA 310, Clinisciences) alone or with α-SMA-Cy3 (1: 250, C6198, Sigma) antibody at room temperature, for 1 hour. The secondary antibody was the goat anti-rat 594 (10348312, Life Technology) for CD31. Alternatively, sections were incubated successively with MCT4 (1:200 bs-2698R, Bioss), MCT1 (1:200, bs-10249R, Bioss), GLUT1 (1:1000, ab115730, Abcam), anti-CD31 (1:600 DIA 310, Clinisciences) using the OPAL 4 color kit (NEL820001KT, PerkinElmer) at room temperature, during 1 hour. The secondary antibodies used were the Opal Polymer anti-rabbit HRP (ARR1001KT, PerkinElmer) for MCT1, MCT4 and GLUT1, and the anti-rat HRP (MP-7444-15, Eurobio) for CD31. Nuclei were stained with DAPI. Alternatively, DAPI and Ki-67 antibody (1:200, ab 1:15580, Abcam) were used to stain proliferative nuclei. The secondary Ab for Ki-67 was anti-rabbit 488

Figure 43 :

 43 Figure 43: Example of quantification of CD31-expression by IF. (A) CD31-stained image. (B) Learning list of pixels in two-channel colors (output first module). (C) Segmented image based on the statistical model (output second module).

  Reported p-values were two-sided and p-values < 0.05 were considered significant. Pearson correlation coefficient values (R) were calculated by Matlab software. R> 0.7 or R< -0.7 were considered strong correlations because the p-values were < 0.01. -UUI allowed to describe simultaneously the effects of sunitinib on tumor growth, glucose metabolism and vascularization (Figure 44). Qualitatively, vehicle-treated tumors increase continuously in volume, metabolism ( 18 F-FDG-PET) and vascularization (UUI) during three weeks (Figure 44, top row). In contrast, tumor volume and vascularization in mice treated with sunitinib are stalled during the first three weeks of treatment, but growth resumes at W4 (Figure 44, bottom row). 18 F-FDG uptake in sunitinib-treated tumors decreases at W1, but it resumes and increases at W3 all the way to W6 (Figure 44, bottom row).

Figure 44 :

 44 Figure 44: 3D visualization during treatment. A vehicle treated (top row) and a sunitinib-treated (bottom row) Sdhb -/-tumors are shown. The vehicle-treated tumor increased in size, vascularization and18 F-FDG uptake over 3 weeks. The sunitinib-treated tumor stopped its growth and angiogenesis during the first 4 weeks of treatment, while18 F-FDG uptake varies during the same period. The resistance to sunitinib is notable at W5 and W6 when both tumor size and vascularization increased.

Figure 45 :

 45 Figure 45: Effects of sunitinib on tumor growth, vascularization and glycolytic metabolism of SDHB -/- PGLs allografts imaged with PETRUS. Quantification of (A) CT volume, $ : p <0.05 and $$$ : p <0.001 compared with W3 in sunitinib-treated group; (B) Mean SUV, £ : p <0.05 compared with baseline in the

  applying the Patlak model to the tumors. The MRGlu is a quantitative parameter of the consumption of glucose in organs. MRGlu at W1 and W2 was decreased in comparison with baseline values (-47%, -45% respectively). From W3 onwards, it remained constant (Figure46A). In vehicle-treated mice, MRGlu increased during the first three weeks (Figure46 A). In addition, we measured the metabolic flux of 18 F-FDG [K1*k2/ (k2+k3)], which describes the rate of intra-cellular 18 F-FDG phosphorylation under a constant concentration of 18 F-FDG in the blood and 18 F-FDG transport from the plasma to the tissue through the trans-capillary membrane transport. The metabolic flux increased in the vehicle-treated group, but decreased at W1 and W2 of sunitinib treatment, and returned to baseline value thereafter.

Figure 46 :

 46 Figure 46: Kinetic analysis of 18 F-FDG uptake with Patlak modelling. (A) Metabolic Rate of Glucose (MRGlu). ££ : p <0.01 compared to baseline. (B) Metabolic flux. £ : p <0.05, ££ : p <0.01 compared to the baseline in sunitinib-treated group. Data expressed as mean ± SEM. Mean values are normalized by the baseline value. ** : p <0.01, *** : p <0.001 between the two groups with 2-ways ANOVA.

  Interestingly, this parameter increased in vehicle-treated tumors (p <0.05 in comparison with the baseline), reaching a plateau at W1 (Figure 47 B), while it remained at baseline levels in sunitinib-treated mice until W3, increased and plateaued at W4 (Figure 47 B). Similarly, the vessel length dispersion increased at W4 of sunitinib-treatment in comparison with W3 (p <0.05) (Figure 47 F). The mean vessel diameter slightly increased at W4 of treatment in comparison with W2 (Figure 47 G).

Figure 47 :

 47 Figure 47: UUI parameters. (A) Number of nodes. $ : p <0.05 and $ : p < 0.001 in comparison with W3 in sunitinib-treated group (B) Maximum vessel length. $ : p <0.05 and $$ : p <0.01 in comparison with W3 in sunitinib group. (C) Number of nodes/ vessel volume. (D) Mean vessel length. $ : p <0.05 in comparison with W3 in sunitinib group. (E) Tortuosity. (F) Length dispersion. $: p <0.05 in comparison with W3 in sunitinib group. (G) Mean diameter. $ : p <0.05 in comparison with W2 in sunitinib group. (H) Maximum diameter. Data expressed in mean ± SEM. * : p <0.05, ** : p <0.01 and **** : p <0.0001 between the two groups with 2-ways ANOVA.

  ). It was observed that the CT volume was positively correlated (R> 0.7) with the vessel volume (R= 0.75) and the number of nodes (R= 0.94). The Mean SUV and the Max SUV were highly correlated together (R= 0.93). The number of nodes correlated positively with the vessel volume (R= 0.83) and negatively with the mean vessel diameter weakly correlated with total lesion glycolysis (R= -0.55), and strongly with the number of nodes/vessel volume (R= -0.73). The tortuosity positively correlated with mean vessel length (R= 0.81) and vessel length dispersion (R= 0.75).

Figure 48 :

 48 Figure 48: Correlations between PET-UUI parameters at baseline before treatment. Heatmap plotting the Pearson correlation coefficient values (R) in n=20 mice. CT volume is correlated with vessel volume (R=0.75) and number of nodes (R=0.94), indicating that the amount (volume) and complexity (nodes) of vascularization is proportional to tumor size. Mean SUV is correlated to Max SUV (R=0.93), suggesting that Max SUV or Mean SUV can both be used to quantify 18 F-FDG uptake. The mean vessel diameter correlated with the number of nodes over vessel volume (R= -0.73), indicating that Sdhb -/-

Figure 49

 49 shows a typical example of the vessel density accordingly to SUV-segmentation.

Figure 49 :

 49 Figure 49: Segmentation of tumors according to SUV-values. Maximum Intensity Projection (MIP) images of typical vehicle-and sunitinib-treated tumors with PET-volume segmentation into 6 regions. SUV-PET scale: six colors, six segmented regions: SUV<1 (white, no-tumor tissue), 1<SUV<2 (blue), 2<SUV<3 (light blue), 3<SUV<4 (green), 4<SUV<5 (yellow), 5<SUV<6 (orange). MIPs images show allprojected voxels, with maximum intensity in the visualized plan. For quantitative analysis, the 5 SUV intervals were grouped: SUV>4. 

Figure 50 :

 50 Figure 50: Vessel density in different SUV-regions. Histograms representing the mean vessel density in three SUV-segmented regions: SUV 1-2 (low SUV), SUV 2-4 (intermediate SUV) SUV> 4 (high SUV). (A) Vehicle group. Vessel density is high in regions with intermediate SUV. (B) Sunitinib group. Vessel density changes during treatment. At W0, W1, W5 and W6, regions with intermediate SUV have the highest vessel density. Between W2 and W4, vessel density increased in high SUV regions Perfused vessels feed high SUV regions during the metabolic adaptation to sunitinib.

  93), TLG (R= 0.97), vessel volume (R= 0.80), number of nodes (R= 0.93) and number of nodes per unit (R= 0.77) of vessel volume at W6. It was also negatively correlated with the mean vessel diameter at W6 (R= -0.74).

Figure 51 :

 51 Figure 51: Correlations between PET-UUI parameters at the week 6 and the variations between W1 and baseline (W0). Heatmap plotting the Pearson correlation coefficient values (R). Parameters variations between W1-W0 (y-axis) and parameter values at W6 (x-axis). Parameters in the two axis: CT volume, mean and max SUV, MRGlu, metabolic flux, total lesion glycolysis, vessel volume, mean and max vessel length, vessel length dispersion, mean and max diameter, number of nodes, number of

Figure 52 :

 52 Figure 52: Correlations of the difference between week 1 and baseline (W0), and the endpoint after treatment (W6). Correlations between CT volume at W6 and changes in maximum vessel length (A) and Total Lesion Glycolysis (TLG) (B) from baseline to W1. Each point represents one mouse, data were combined from two independent experiments (n=12). The Pearson correlation coefficient values (R) and p-values(p) are shown in the graph.

  , 45), strongly suggests that sunitinib induces changes in the tumor metabolism of tumor cells that trigger resistance to prolonged therapy. The tumor metabolism of the Sdhb -/- PGL model is hyper-glycolytic because of constant succinate-induced stabilization of HIF [160].

  UUI in a mouse allograft of Lewis lung carcinoma (LLC) [376]. They quantified the growth of the vascular network by measuring the total length of vessels during 3 weeks and observed that more than 74% of vessels were less than 200µm in diameter. Using DCE-US, Dizeux et al. described a decrease in vessel volume after 1-2 weeks of sunitinib treatment in murine LLC [461]. By non-enhanced and contrast-enhanced 3D Doppler, Rix et al. also showed a decrease in vessel volume after a few days of sunitinib treatment [462]. Using contrast-enhanced 3D US, other authors described a slight increase in microvascular density after sunitinib, in comparison with the pretreatment values [463]. In contrast, we observed that sunitinib stabilizes the vessel volume and number of nodes after four weeks of sunitinib treatment (Figure 45 C, 47 A). The reason why we did not detect a decrease in vessel volume or number of nodes could be the spatial resolution of UUI. The PET-CT-UUI used for our study detects vessels with a diameter larger than 95µm. Therefore, histology (shown in the next section) is necessary to analyze vessels of smaller diameter. Another explanation could be the hypervascular phenotype of our model.

Figure S1 :

 S1 Figure S1: Total Lesion Glycolysis. (A) Shows the difference between vehicle-and sunitinib-treated groups. $ : p <0.05 in comparison with W4 and W5 in sunitinib group. $$ : p <0.01 in comparison with W0-W3 in sunitinib group. **** : p <0.0001 between the two groups with 2-ways ANOVA. (B) Shows the evolution in sunitinib-treated groups is drawn. $ : p <0.05 in comparison with W4-W5 in sunitinib group. $$ : p <0.01 in comparison with W0-W3 in sunitinib group. * : p<0.05 between W3 and W4-W5. Data expressed in mean ± SEM.

Figure 54 B

 54 Figure 54 B). The number of vessels decreased by 67% at W1, 78% at W3 (p <0.05, p=0.01) and 75% at W6 (p=0.03) in comparison with baseline (Figure 54 C). Interestingly, at W6, the CD31 surface parameter increased but not the number of vessels, an indicator that vessel diameter became larger at W6, which is in agreement with the increase in vessel volume measured in vivo by UUI (Figure 45 C).

Figure 54 :

 54 Figure 54: Sunitinib decreases the microvascular density and the number of vessels. (A) Representative sections of Sdhb -/-tumor stained for blood vessels (CD31 staining, orange) and nuclei (DAPI, blue). (a) Baseline, (b) vehicle-treated 1 week, (c) vehicle-treated 3 weeks, (d) sunitinib-treated 1 weeks, (e) sunitinib-treated 3 weeks, (f) sunitinib-treated 6 weeks. Magnification 20x. (B) (C) Quantification of microvascular density as the ratio between the CD31 positive areas and the total tumor surface of tumors (B) and number of vessels (C) in tumors treated with vehicle or with sunitinib. Data expressed in mean ± SEM. **** : p <0.0001 between the two groups with 2-ways ANOVA. (B) and (C) $ : p <0.05 in comparison with the baseline with paired t-test.
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 21 Sunitinib increases the pericyte coverage at weekWhen all CD31-stained vessels were considered, confocal microscopy revealed no difference in the pericyte and endothelial cell staining between the sunitinib-and vehicle-treated mice at W1 and W3 (Figure55 A, B). However, when vessels with diameters smaller than 10µm (diameter of the capillaries) were considered, at W1 the α-SMA coverage was higher in sunitinib-treated mice than in the vehicle group (Figure55 C).

Figure 55 :* 8 . 3

 5583 Figure 55: Pericyte coverage changes during sunitinib treatment. (A) Representative sections of Sdhb -/-tumor stained for pericytes (α-SMA staining, red) and endothelial cells (CD31 staining, green). (a) Week 1 and (b) week 3 in vehicle-treated tumors. (c) Week 1 and (d) week 3 in sunitinib-treated tumors. (B) and (C) percentage of pericyte (α-SMA) coverage (number of covered vessels/total vessel number) in the vehicle-treated mice (filled blue rectangles), in the sunitinib-treated mice (filled red circles) and at baseline (black circles). (B) All vessels, (C) only capillaries considered. * : p <0.05 between the sunitinib and vehicle group. Black lines represent the mean for each group and time point.

Figure 56 :

 56 Figure 56: Representative western blots of GLUT1, HK2, MCT1, MCT4 and LDHA. (A) GLUT1, (B) HK2 (C) MCT1, (D) MCT4, (E) LDHA in sunitinib-(gray columns) and vehicle-treated mice (black columns). Data are expressed as mean ± SEM of density of the band for the corresponding protein normalized by the band for β-tubulin. Statistical analysis: * : p <0.05 and ** : p <0.01 between the sunitinib-and vehicletreated group. # : p <0.05 between W6 and W3 in the sunitinib group. Blots were made in duplicate.

Figure 57 :

 57 Figure 57: GLUT1, MCT1, MCT4 and CD31 immunofluorescence (A) Representative sections of Sdhb -/- tumors at W3 treated either with vehicle (a, c) or sunitinib (b, d). Green: GLUT1. Red: MCT 4. Light blue: CD31. Dark blue: DAPI. (B) (C) (D) quantification of GLUT1, MCT4 and MCT1. Data are expressed as mean ± SEM. No statistical differences between groups or at different weeks were detected. 2 mm bar length (a, b) and 50µm bar length (c, d).

Figure 58 :

 58 Figure 58: Representative sections showing accumulation of lipid droplets. TCM coloration, 250µm bar length.

(Figure 59 A

 59 , B). The Ki-67 index remained low at W6 of sunitinib treatment (Figure 59 B).

Figure 59 :

 59 Figure 59: Index of proliferation. (A) Ki-67 (pink) and DAPI (blue) stained sections at week 3: V= vehicle and S=sunitinib. (B) Quantification of the Ki-67 index as the ratio between the number of Ki67 (+) stained nuclei (pink) and the total number of nuclei. * : p <0.05 between the two groups and $ : p <0.05 between sunitinib group at W6 and vehicle group at W3. Data expressed as Mean ± SEM.

Figure 60 :

 60 Figure 60: Inhibition of mTOR and activation of AKT pathway. Representative western blots of the phosphorylation of mTOR (A) and AKT (B) in sunitinib-(gray columns) and vehicle-treated mice (black columns). (C) Intensity ratio between phosphorylated mTOR (Ser2448) and mTOR total protein. * : p <0.05 between the two groups and $ : p <0.05 sunitinib group at W6 and vehicle group at W3. (D) Intensity ratio between phosphorylated AKT (Ser473) and AKT total protein. Data expressed as Mean ± SEM.

  C) occurs after the metabolic change at W3 (Figure 45 B, D; 46 A).

  A; 54 A). The drop in the number of vessels, expressed by CD31, suggests a continuing inhibition of angiogenesis by sunitinib over the six weeks of treatment. However, we observed an increase in total vessel volume at W6 (Figure 45 C). Accordingly, Lynn Hlatky et al. affirm that tumor micro-vessel density measured by IHC is a good prognostic factor in many cancers, but it is not per se a good indicator of AA efficacy [468]. This can be a consequence of the fact that vascular density is influenced both by inhibition of capillary growth, and by interaction with the cancer and stromal cells, i.e. the microenvironment [5]. Other studies showed discrepancies between IFvascular density and US parameters. For instance, Eichten et al. measured a decrease in vessel perfusion with DCE-US and observed that it correlated with long-term inhibition of tumor growth, but not with the microvascular density [370]. In our study at W6, sunitinib induced an increase of tumor CD31-staining compared to W3 (Figure 54 B) and a stabilization of the number of vessels (Figure 54 C). This may suggest that sunitinib induces a dilatation of quiescent vessels. Vessel dilatation was described as a mechanism stimulated or induced by pro-angiogenic factors (VEGF, VEGF-c, ang-2, fibroblast growth factors and chemokines) released by hypoxia, or inflammation, and at a step which precedes vessel sprouting [469].

  A). Sunitinib causes an increase of α-SMA coverage of tumor capillaries at W1 (Figure55 C), reflecting the inhibition of PDGF signaling, since PDGF normally recruits pericytes in order to form new capillaries[473]. Other studies have shown that limited doses of RTKI treatment increase pericyte coverage [474][START_REF] Inai | Inhibition of Vascular Endothelial Growth Factor (VEGF) Signaling in Cancer Causes Loss of Endothelial Fenestrations, Regression of Tumor Vessels, and Appearance of Basement Membrane Ghosts[END_REF]. Here, no differences in α-SMA coverage were found during treatment, a result that may be related to the increased hypoxia at W3 and W6. However, VEGF is a negative regulator of pericyte recruitment[START_REF] Hanahan | Hallmarks of Cancer: The Next Generation[END_REF]. However, we did not measure VEGFs levels in our samples. It has been shown that the overall response rate to sunitinib was negatively correlated with low pericyte coverage in human mRCC after 4 weeks of treatment[475]. Accordingly, our results show no difference between the vehicle and sunitinib groups at W3, when escape from sunitinib was first detected.The metabolic switch from aerobic glycolysis to anaerobic glycolysis may also reflect a change in the oxygen gradient inside the tumor, with consequent stabilization of HIF-1α. Under hypoxia, HIF-1α enhances the transcription of GLUT1, MCT4, HK2, Phosphofructokinase (PFK), ALDA, CAIX, GAPDH, LDHA and PDK in VHL-mutated RCC[14] [15]. Accordingly, sunitinib increased HK2, MCT4 and LDHA expression at W3 in our study (Figure56 B, D, E), confirming the enhancement of anaerobic glycolysis at W3.The discrepancy between18 F-FDG-uptake and the levels of HK2 and MCT4 at W1 may be explained by the reduction of the metabolic flux at W1 (Figure46 B), since the reduction of metabolic flux indicates a reduction of vessel permeability. This hypothesis is supported by the increase in pericyte coverage at W1.If we admit that tumor cells reacted to sunitinib-induced hypoxia immediately during the first week treatment, glycolysis would be activated by HIF-1α and then the prolonged-levels of hypoxia would have induced a metabolic adaptation. Alternatively, we observed at W3 the clustering of GLUT1 positive cells and an increased LDHA expression. LDHA expression is known to be enhanced by hypoxia[START_REF] Zhou | A role for cancer-associated fibroblasts in inducing the epithelial-to-mesenchymal transition in human tongue squamous cell carcinoma[END_REF] and to drive lactate production (anaerobic glycolysis), therefore decreasing pH levels. Increased LDHA activity is necessary to maintain glycolysis by regenerating NAD+ from NADH. At W3, Sdhb -/-tumors showed enhanced glycolysis. The increase in lactate concentrations may explain the increase of lactate-transporters MCT1 and its exporter MCT4 in Sdhb tumors (Figure56C, D and 57 C, D). The production and reutilization of lactate, respectively by hypoxic and oxygenated cells, is called "metabolic symbiosis" (page 28). Three publications have shown that metabolic symbiosis is an active mechanism of resistance to AAT in three tumor types (RCC, breast cancer and pancreatic neuroendocrine tumor)[START_REF] Hanahan | The hallmarks of cancer[END_REF]-[START_REF] Fang | RAS signaling and anti-RAS therapy: lessons learned from genetically engineered mouse models, human cancer cells, and patient-related studies[END_REF]. Altogether, the metabolic adaptation appears an early mechanism of resistance to sunitinib treatment at W3 in the Sdhb -/-model.In addition, sunitinib induces the formation of lipid droplets in the tumor parenchyma at W3 and W6 (Figure58). The accumulation of lipids is another hallmark of metabolic adaptation[476]. Different studies have shown that anti-VEGF treatment and tissue hypoxia enhance lipid transport, which consequently accumulate in the mitochondrion[477, 478]. Fatty acids (FA) are important for energy storage and cell membrane synthesis, and they can act as signaling molecules[START_REF] Baluk | Cellular abnormalities of blood vessels as targets in cancer[END_REF]. Under normoxia and sufficient nutriment levels, tumor cells have a low dependency on lipid synthesis. In contrast, under mild or severe hypoxia, insufficient nutriments and substrate levels, cancer cells become dependent on lipid synthesis to sustain tumor growth[479]. Lipid storage could be triggered by the decrease of oxygen concentrations, since it has been reported, in breast cancer and glioma, that hypoxia increases the number of lipid droplets. This mechanism could protect against oxidative stress-toxicity[START_REF] Hallani | A new alternative mechanism in glioblastoma vascularization: tubular vasculogenic mimicry[END_REF] and against endoplasmic reticulum stress[START_REF] Ricci-Vitiani | Tumour vascularization via endothelial differentiation of glioblastoma stem-like cells[END_REF] in renal cancer. In renal cancer, the stabilization of both HIF-1α and HIF-2α was observed to negatively regulate the FAmitochondrial transporter carnitine palmitoyl-transferase 1A (CPT1A), decreasing β-oxidation of FA and consequently lipid accumulation[476]. In our Sdhb -/-model, the presence of lipids only in the sunitinib-treated mice may be related to HIF-1α stabilization rather than HIF-2α.Deregulation of anaerobic metabolism and lipid storage by HIF-1α may be caused by an excess of citrate or acetate in the cytoplasm, where it may be transformed in acetyl-CoA and carboxylated by acetyl-CoA carboxylase (first step of lipogenesis). A proteomics analysis should be performed in order to define the lipogenesis proteins involved. We may suppose that the increase of MCT1 and MCT4 at W3 are a consequence of high lactate and citrate levels in the cytoplasm. In addition, certain lipids, such as prostaglandin E2 (PGE2) and sphingosine-1-phosphate (S1P), have been reported as pro-angiogenic factors[480].The results of the Ki-67 proliferation index (Figure59) are not correlated with the CT volume quantification or18 F-FDG uptake (Figure45 A, B, D). Our SDHB cancer model has constant pseudohypoxia, which activates preferably HIF-2α than HIF-1α[START_REF] Baluk | Cellular abnormalities of blood vessels as targets in cancer[END_REF]. AAT-derived-hypoxia, and consequent stabilization of HIF-1α, controls cyclin G2 with anti-proliferative effects [181] at W3 and W6. In contrast, HIF-2α controls cyclin D1 with a proliferative effect, which may explain that we observed no-difference between the sunitinib-and vehicle-treated groups at W1.The activation of the mammalian target of rapamycin (mTOR) signaling pathway is involved in the regulation of cell growth and proliferation [481]. It has been described that mTOR is activated in H&N PGLs harboring SDHx mutations[221], and that sunitinib blocks cell proliferation by decreasing the levels of p-mTORC1 in human PPGL cells and in PC212 cells[START_REF] Deberardinis | Brick by brick: metabolism and tumor cell growth[END_REF] [33]. Our data shows a stable inhibition of mTORC1 phosphorylation on Ser2448 (Figure60 A, C), which may be due to the low oxygen and nutriment concentrations[482]. In fact, mTORC1 is sensitive to rapamycin and activated by nutriments and oxygen stimuli, while mTORC2 is not. We found no difference in the phosphorylation on Ser473 of AKT under sunitinib treatment (Figure60 B, D), a result supporting the constant activation of the mTORC2 complex[467], which is dependent on the stabilization of.

Figure S4 :

 S4 Figure S4: GLUT1, MCT1, MCT4 and CD31 immunofluorescence. Representative full sections of Sdhb - /-tumors at baseline (first row), W3 treated with vehicle (second row) or sunitinib (third row) and W6 of sunitinib treatment (fourth row). First column on the left (2 mm bar length). All the other columns: magnification 28x in the other images (30µm bar length). Red: MCT 4. Green: GLUT1. Light blue: CD31. Yellow: MCT1.

Figure S5 :

 S5 Figure S5: Representative sections of tumor parenchyma at W1 of treatment. TCM coloration, 250µm bar length.

Figure 61 :

 61 Figure 61: Physiological myocardial metabolism. Adapted from [484]. Lactate, glucose and fatty acids enter in the cytosol via the respective transporters and are catabolized to acetyl-CoA. Acetyl-CoA enters the TCA cycle where NADH2 and FADH2 are produced. NADH2 and FADH2 produce ATP by oxidative phosphorylation in the mitochondrion. IMS: mitochondrial intermembrane space; GLUT: glucose transporter; FAT: fatty acid transporter. MPC: mitochondrial pyruvate transporter, CC: acetyl -CoA carboxylase, CPT: carnitine palmitoyltransferase, MCD: malonyl-CoA decarboxylase; PDH: pyruvate dehydrogenase; UCP: uncoupling proteins.

  one of the most common side effects of sunitinib treatment (Reviewed in [499]), with an estimated incidence of 15-47% [500]. The systemic blood pressure increases rapidly within 1 week of sunitinib therapy [501] and severe hypertension with cardiac dysfunction are observed as early as during the second and third cycle of sunitinib therapy. In human patients, a sunitinib cycle is typically 4 weeks on and 2 weeks off [502]. Hypertension has been proposed as a risk factor for cardiotoxicity caused by VEGF-inhibitors [502]. It is a consequence of the decrease in nitric oxide (NO) generation, caused by the decrease of capillaries, which leads to vasoconstriction [503]. In addition, there is a link between the upregulation of the endothelin (ET) pathway and sunitinib hypertension (Figure 62) [504]. Kappers et al. reported high serum concentrations of ET-1 in 15 patients with mRCC and GISTs, which were associated with hypertension, and confirmed it in their study results with rodents [505]. This suggests that hypertension and vasoconstriction are a consequence of ET-1 upregulation, maintained by NO low concentrations [504]. A preclinical study of sunitinib-induced cardiotoxicity in a swine model showed that the coadministration of sunitinib and a dual antagonist of ETA and ETB prevented hypertension [501]. Sourdon et al. showed in a mouse model that the co-administration of sunitinib with macitentan, a double antagonist of ETA and ETB, was protective against the loss of cardiac function, myocardial fibrosis and against enhanced glycolytic metabolism [506].

Figure 62 .

 62 Figure 62. Endothelin axis during RTKI treatment. Taken from [504].

Figure 63 :

 63 Figure 63: Staging of hypertensive heart disease. Taken from [507].

  Sunitinib has been described to decrease the right ventricular (RV) systolic pressure, right ventricular hypertrophy (RVH) and fibrosis in a surgical pulmonary artery banding rat model, where RVH and RV dysfunction are induced. Three weeks of sunitinib reversed the RV remodeling [508]. Maayahet al. described cardiac hypertrophy in rats after 15-30 days of sunitinib treatment. The rat hearts showed significant increase of CK and CK-MB enzymes, and high concentrations of associated-hypertrophy markers, such as atrial natriuretic peptide (ANP), cardiotrophin-1 (CT-1), brain natriuretic peptide (BNP) and β-myosin heavy chain (β-MHC). They also had increased cytochrome P4501A1 (CYP1A1) gene expression in dosedependent concentration [509]. The same authors suggested that sunitinib induces hypertrophy through aryl hydrocarbon receptor (Ahr)/ CYP1A1 [509].

  Insulin resistance is connected to endothelial dysfunction[511]. Endothelin activation was found concomitant with the reduction of glucose uptake by GLUT4 via the inactivation of the 5' AMP-activated protein kinase (AMPK)/Akt signaling pathway[512]. Under sunitinib treatment, the metabolic failure to use glucose as substrate for ATP production has been linked to the insulin resistance-related condition of type 2 diabetes. This metabolic deregulation was reversed with ETA and ETB anti-agonist macitentan[START_REF] Warburg | The metabolism of tumors in the body[END_REF]. In diabetes, cardiomyopathy was associated to the dysfunction of coronary microvasculature, leading to a decrease in cardiac function and progressive fibrosis[513].

  Sunitinib disrupts the VEGF-VEGFR axis. Some studies reported a decrease or no change in heart capillaries [514, 515]. Sunitinib can upregulate the stabilization of cardiac HIF-1α, enhancing the expression of hypoxia-induced genes [516, 517]. Sustained activation of HIF can cause cardiomyopathies, congestive heart failure and fibrosis [516]. Sunitinib, inhibiting PDGFR, induces the loss of pericyte coverage, which is believed to be responsible for the coronary microvascular dysfunction [515]. In mice, the deletion of PDGFRβ induces increase of pressure overload and ventricular dilation, with increased apoptosis [518]. The reduction of microvessel density is also present in hypertrophic cardiomyopathy [519].

Figure 64 :

 64 Figure 64: Sunitinib induces metabolic heart deregulation through the inhibition of AMPK signaling. Taken from [514].

  Different cardioprotective therapies exist to reduce sunitinib cardiotoxicity and have been tested mainly in animal models. Treatment with thalidomide, an anticancer drug, induces pericyte coverage [515]; macitentan, an ETA and ETB receptor agonist, can prevent sunitinibinduced metabolic reprogramming [506]. Other treatments have been proposed, such as inhibitors of RhoA/ Rho-associated protein kinase (ROCK) pathways, which are activated by Reactive Oxygen Species (ROS) formation and angiotensin II activation [523]. Finally, drugs activating AMPK, such as metformin, have been proposed [524].

  Animal experiments were approved by the French Ethical committee under reference number16-098 and 15-045. They were performed by certified staff following the French law of animal experimentation n°2013-118. Female nude (nu/nu) and C57BL/6 mice (Janvier Labs, France) 6 weeks of age were maintained in controlled temperature (24°C) and relative humidity (50%) on a 12/12-light/dark cycle and were fed ad libitum. Sunitinib malate (Cliniscience, A10880-500) was dissolved at 10mg/mL in DMSO/PBS(1:4). Sunitinib was administered daily by oral gavage at a dose of 50mg/kg body weight and macitentan by oral gavage in a dose of 20mg/dL.In the sunitnib+macitentan group, macitentan (20mg/mL) was added to the gavage solution, with the volume maintained at 200μL. Female nude mice were tumor-bearing (n= 37, Janvier Labs, France). The cellular model is described at page 104. Sunitinib was administered during 6 weeks (N=19) and vehicle solution along 3 weeks (N=14). PET scan was performed before and after 1 and 3 weeks of sunitinib malate (treatment group, N=8) or vehicle (vehicle group, N=8), while long-time effects of sunitinib were monitored at 6 weeks treatment. In line with our previous article [506], we checked if the long-term effects (hypertrophy) of sunitinib were independent of the presence of a tumor in immunodeficient animals. To do so, C57/BL6 mice were imaged by PET after 5 weeks of treatment by sunitinib (N=8), macitentan (N=7), sunitinib+macitentan (N=7) or vehicle (N=4) were PET-imaged (Figure65). Cardiac echography was performed before and after 1, 3 and 6 weeks of sunitinib (N=8) or vehicle treatment (N=8) for tumor-bearing nude mice, and after 5 weeks of sunitinib (N=8), macitentan(N=7), sunitinib+macitentan (N=7) and vehicle (N=6) for non-tumor C57/BL6 bearing mice (Figure68).

Figure 65 :

 65 Figure 65: Experimental design. 16 Sdhb -/-tumor-bearing mice were imaged by PET and echography after 6 weeks of treatment, either under sunitinib-or vehicle treatment. Heart samples were collected at W1, W3 and W6 of treatment. 28 non-tumor bearing mice were imaged by PET and echography after 5 weeks of vehicle or sunitinib or macitentan or sunitinib and macitentan treatment. At the last PET/echo scan, hearts were collected.

  Mice were depilated in the thoracic region and placed in the supine position on a dedicated heating platform, allowing monitoring of ECG, temperature and respiratory frequency. All acquisitions were performed within body temperature limits 36-37.5°C. Parasternal long axis views were recorded and 3 consecutive measurements in M-mode were drawn to determine left ventricular internal diameter (LVID) at diastole (d) and systole (s), and left ventricular posterior wall thickness (LVPW) in both end diastole (d) and end systole (s) LV fractional shortening (M-Mode) was calculated with the following equation: 100 * ((LVID;d -LVID;s) / LVID;d). LV mass was calculated as: (1.053 x ((LVID;d + LVPW;d + IVS;d)3 -LVID;d3)) x 0.8

  comparison with vehicle-treated animals (p<0.05) (Figure 66 B). LV mass and LVPW,d increased at W6 of sunitinib treatment (Figure 66 C, D), suggesting cardiac remodeling towards cardiac hypertrophy. Sunitinib increased fibrosis at W6 in comparison with vehicle at W3 (Figure S6).

Figure 66 :

 66 Figure 66: 18 F-FDG uptake and hypertrophic echo-parameters during sunitinib and vehicle treatment in tumor-bearing mice. (A) Mean SUV, (B) Max SUV, (C) LV mass and (D) left ventricular posterior wall (diastole) (LVPW,d). Data expressed in mean ± SEM. * : p < 0.05 between sunitinib and vehicle groups.

$:

  p <0.05 in comparison with the baseline in sunitinib-treated group.

Figure 67 :

 67 Figure 67: Correlation between mean SUV at W1 and LV mass at W6. Pearson Correlation.

Figure 68 :* 4 . 4

 6844 Figure 68: Arterial pressure during sunitinib, macitentan and sunitinib+macitentan treatment in nontumor bearing mice. Data expressed in mean ± SEM. * : p <0.05 between vehicle-and sunitinib-treated group.

Figure 69 :

 69 Figure 69: Metabolic flux and echocardiographic parameters after 5 weeks of sunitinib or sunitinib plus macitentan or macitentan and vehicle in C57/BL6 mice. (A) Metabolic flux, (B) Inter ventricular septum (IVS) / LVPW, diastolic, (C) LV fractional shortening (FS), (D) LV mass. Data expressed in mean ± SEM. *p: <0.05 between the treated groups.

Figure 70 : 4 . 6

 7046 Figure 70: Cardiac fibrosis. (A) Examples of heart sections colored with Picro-siriusRed, magnification 10x. (B) Fibrosis associated quantification. Data expressed in mean ± SEM. * : p <0.05 between vehicleand sunitinib-treated groups and ** : p <0.01 between sunitinib and sunitinib+macitentan-treated group.

Figure 71 :

 71 Figure 71: AKT and mTOR pathway activation. (A) and (C) Ratio of phosphorylated AKT to total AKT protein, in non-tumor bearing (A) and tumor-bearing (C) mice respectively. (B) and (D) Ratio of phosphorylated mTOR to total mTOR protein in non-tumor bearing (B) and in tumor-bearing (D) mice respectively. Data are expressed as mean ± SEM. (A) ** : p <0.01 between vehicle-and sunitinib-treated groups and (C) § : p <0.05 with W1 of sunitinib-and vehicle-treated group.

  sunitinib-induced hypertrophy. Sunitinib induced pressure overload, increased LV mass and IVS/LVPW that are characteristics of concentric hypertrophy[507]. Sunitinib also induced elevated fibrosis and FS that are present in dilated cardiomyopathies[525]. The coadministration of macitentan reduced the mean arterial pressure, the IVS/ LVPW, FS and fibrosis, but did not reduce the LV mass. Thus, we suggest that macitentan can prevent cardiac concentric hypertrophy (due to pressure overload), but not eccentric hypertrophy, which is characterized by the enlargement of chamber volume, typical of dilated cardiomyopathies[526]. As described in the introduction, eccentric hypertrophy is found in diabetic patients and in athlete's hearts.Together, these results underline an important link between cardiac metabolic deregulation and the late stage of cardiac hypertrophy. It is known that sunitinib inhibits cardiac AMPK, an anti-hypertrophy protein [527], leading to a decrease in lipid synthesis and to an increase in lipid oxidation and glucose utilization. This may explain the early increase in18 F-FDG uptake previously demonstrated bySourdon et al. [506] and O'Farell [520]. A long-term sunitinib treatment (W5 and W6) increased the levels of AKT phosphorylation (Figure71 A, C) , which is normally inhibited byAMPK [528], in sunitinib-treated hearts, showing the involvement of AKT metabolic pathway in cardiac metabolism.Zhong et al. showed that early SUV-18 F-FDG increase was associated with late cardiac hypertrophy [529]. Our study shows that cardiac18 F-FDG at W1 was correlated specifically with increase in LV mass at 5 weeks of sunitinib treatment, independently from the presence of a tumor.

  Hospital under the supervision of Dr. Mariana Mirabel, MD, will launch in 2020 a study in the framework of CARPEM, our Integrated Cancer Research Site (SIRIC). Based on the preclinical results, a retrospective study on the use of FDG-PET as an early predictive biomarker of antiangiogenic cardiotoxicity will be implemented by the Department of Nuclear Medicine of George Pompidou Hospital.The results in this thesis confirmed the efficacy of macitentan to prevent sunitinib-induced cardiotoxicity for preventing hypertension, IVS/LVPW (inter-ventricular septum/left ventricular posterior wall thickness), LV fractional shortening and fibrosis. Consequently, Inserm transfert submitted a patent (PST/ FR2017/ 050816) for the co-administration of macitentan in sunitinib-treated patients. However, in mice macitentan is unable to prevent the increase in LV mass and to reduce the activation of AKT pathway after 5 weeks of sunitinib treatment. In fact, our results suggest that other signaling pathways, apart from the endothelin axis, are involved in sunitinib-induced eccentric hypertrophy and should be taken into consideration for further studies on sunitinib-cardiotoxicity.
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2.1 Definition

  

	Paragangliomas (PGLs) and Pheochromacytoma (PCC) are rare neuroendocrine tumors. They
	can arise either from non-chromaffin cells of parasympathetic ganglia or from chromaffin cells
	of the sympathetic nervous system. PGLs arising in the adrenal gland are called
	pheochromocytomas (PCCs) [56]. The incidence of pheochromocytomas and paragangliomas
	(PPGLs) is 2-8 cases per million inhabitants per year and about 0.1% of hypertensive patients
	have PPGLs. PGLs in the head and neck regions (H&N PGLs) represent 0.6% of head-neck
	tumors and 0.03% of all neoplasms. In addition, PGLs are the highest hereditary-driven
	endocrine condition: nearly 40% of PPGLs are related to germline mutation of several driver
	genes [57, 58].

Table 1. PASS score GAPP score Histomorphological parameter Score Histomorphological parameter Score

  

	). It was coined by Poll in 1905 because of the high immunochemistry (IHC) reactivity of potassium dichromate with the catecholamines in chromaffin cells. Today, chromogranin and synaptophysin are used to confirm the endocrine origin of the tumor and make the PCC diagnosis [73]. In 2004, World Health Organisation (WHO) defined the diagnosis of malignancy as the presence of chromaffin cells in a site from which they are usually absent [69]. On the other hand, there is no histological criterion to separate benign and malignant PPGLs [74]. The most accepted method of evaluation is PASS (Pheochromocytoma of Adrenal Gland Scaled Score), proposed by growth (>10% of tumour volume) 2 Large and irregular cell nest 1 High cellularity 2 Cellularity  Low  Moderate  High 0 1 2 Cellular monotony 2 Catecholamine type  Adrenaline and non-functioning type  Noradrenaline type 0 1 Capsular invasion and/or Vascular invasion 1 1 Capsular invasion and/or Vascular invasion 1 1 Tumour necrosis 2 Tumour necrosis 2 Mitosis  Atypical mitotic figures  Greater than 3 mitotic figures/10 high-power field 2 2 Index Ki67 (%)  1-3  >3 1 2 Nuclear hyperchromasia 1 Profound nuclear pleomorphism 1 Tumour cell spindling 2 Extension into periadrenal adipose tissue 2 Thompson in 2002 [75]. He proposed 12 morphological criteria shown in Large nests or diffuse Maximum score 20 Maximum Score 10

Table 1 : Comparison between the PASS score and the GAPP score. Adapted from

 1 

Total Score Histological Grade (Frequency) Metastatic Rate 5-Years Survival Risk Stratification

  

	0-2	Well	3.6%	100	Low
		differentiated			
		(68%)			
	3-6	Moderately	60.0%	66.8	Intermediate
		differentiated			
		(22%)			
	7-10	Poorly	88.2%	22.4	High
		differentiated			

Table 2 : GAPP score and risk stratification.

 2 

Table 3 : Susceptible genes in PPGLs. Full

 3 name, chromosomal location, year of identification and frequency in the population of patients and somatic or germline mutation.

	RET	Ret proto-oncogene 10q11.2	1993	5-7%	Germline and/or
						somatic
	NF1	Neurofibromin 1	17q11.2	1990	1-6%	Germline or
						somatic
	VHL	Von Hippel-Lindau	3p25.3	1993	10-12%	Germline or
		tumor suppressor				somatic
	SDHx	Succinate				
		Dehydrogenase				
		complex				
	 SDHB	iron sulfur subunit B	1p36.13	2001	8-10%	Germline
	 SDHC	Subunit C	1q23.3	2000		
	 SDHD	Subunit D	11q23.1	2001	≤2%	
	 SDHA	Flavoprotein subunit	5p15.33	2010		
		A				
	SDHAF2	Succinate	11q12.2	2009	<1%	
		Dehydrogenase				
		complex assembly				Germline
		factor 2				
	TMEM127	Transmembrane	2q11.2	2010	≤2%	Germline
	and	protein 127				
	EPAS1	Endothelial PAS				Somatic and
	(HIF2α)	domain-containing				germline
		protein 1				
	MAX	MYC associated	14q23.3	2011	1-2%	Germline/somatic
		factor X				
	FH	Fumarate hydratase 1q43	2013	1%	Germline
	EPAS1	Endothelial PAS	2p21	2013	<1%	Postzygotic/
	(HIF2A)	domain protein 1				somatic
						or germline
						mosaicism
	MDH2 (A	Malate	7q11.23	2015	<1%	Germline and/or
	and B)	dehydrogenase 2				somatic
	HRAS	HRas proto-	11p15.5	1992	5-7%	Somatic
		oncogene, GTPase				
	EGLN1	Egl-9 family hypoxia	1q42.2	2011	≤2%	Germline
	and	inducible factor 1				
	EGLN2	and 2 (HIF prolyl				
	(PDH1	hydroxylases)				
	and 2)					
	KIF1Bβ	Kinesin family	1p36.2	2008	<1%	Germline
		member 1B, beta				
		form				
	CSDE1	Cold shock domain	1p13.2	2017	<1%	Somatic
		containing E1				

Transcrip- tional Subtype Propor- tion heredi- tary Gene Predispo- sed syndrome Inhe- rence H&N PGL Sympathe- tic PGL PCC Other Manifestation 1. Kinase- signaling genes

  

	4.A	100%	SDHA	Familial	AD	Very low Very low Very	GIST, pituitary
	Pseudo-			PPGL				low	tumors,
	hypoxia			SDHA-					pulmonary
	TCA-cycle			related					Chondroma,
	related		SDHB	Familial	AD	Inter-	Inter-	Low	RCC,
				PPGL		mediate	mediate		Carney triad,
				SDHB-					PGL and GIST.
				related				
			SDHC	Familial	AD	Low	Low	Low
				PPGL				
				SDHC-				
				related				
			SDHD	Familial	AD,	High	Low	Low
				PPGL	paternal			
				SDHD-				
				related				
			SDHAF2	Familial	AD	high	Very low Very
				PPGL				low
				SDHAF2-				
				related				
			FH	Hereditary	AD	Un-	Un-	Un-	Hereditary
				leiomyo-		known	known	known	cutaneous and
				matosis					uterine
				and renal					leiomyomas
				cell cancer				
			MDH	May be	Un-	Un-	Low	Un-	muscle
				hereditary	known	known		known	metastasis from
									pancreatic
									adenocarcino-
									ma
	4.B	25%	VHL	Von	AD	Very low Low	High	Hemangiobla-
	Pseudo-			Hippel-					stoma, RCC,
	hypoxia VHL/EPAS -related 2. Wnt-	20% 0%	NF1 RET EPAS1 MAX (HIF-2α) TMEM-127 HRAS CSDE1	Neurofibro -matosis type 1 Lindau syndrome Multiple endocrine neoplasia type 2 PPGL Familial Familial PCC No predisposition to PPGL (only somatic mutations AD Very low Very low Low AD Very low Very low High Un-Very low High High AD Un-known Unknown Un-known known AD Very low Low Inter-mediat e observed) No predisposition to PPGL (only somatic mutations observed)	testicular Neurofibromas, tumors, dysmorphic pancreatic features, neuroendocrine skeletal tumors abnormalities Retinal Multiple abnormalities endocrine Polycythemia neoplasia Somatostatino-syndromes ma with Renal polycythemia Oncocytoma and RCC Retinal abnormalities Organ cysts Congenital (Pacak-Zhuang ) anomalies Hemangiobla-x stomas
	alterated		MAML3	No predisposition to PPGL (only somatic mutations	x
	genes			observed)				
	3.	0%	CYP11B2	No predisposition to PPGL (only overexpression was	x
	Cortical		CYP21A2	observed)				
	admixture		CYP2W1					
			STAR	Germline mutation can be found			x

Table 4 : The four expression subtypes of PPGLs

 4 

	(proportion hereditary, gene predisposition, syndrome,

Table 4

 4 

). It includes germline mutations in SDHx and VHL and somatic mutations in VHL and EPAS1. All these mutations are specific of this subtype [95, 109]. Hypermethylation is present in SDH gene mutations [110] and intermediate methylation in VHL and EPAS1 mutations [94].

  SDHC gene was identified mutated in familial H&N PGL [131]. Around 50 different mutations have been reported. Mutations in SDHC cause PGL syndrome type 3 (PLG3). SDHC mutations are a rare cause of PGLs because they are often benign and found in 4% of H&N PGLs [132]. In addition, functional PPGLs are very rare [133]. They are mostly localized in the carotid bodies [132]. SDHC-germline mutations can be rarely present in GIST [134].

D. SDHD

SDHD was the first gene discovered as mutated in hereditary PGL syndrome (PGL1)

[135]

. The SDHD mutation is transmitted with maternal imprinting which is caused by methylation and hence silencing of the maternal allele. SDHD-related PGLs are mostly found in the neck and head regions [136] and when they are less frequently found in the sympathetic ganglia or in the adrenal [132]. PGL1 usually appears with a multifocal tumor development in 56% of cases, while malignancy is not frequent [119]. SDHD mutation can occurs in RCCs (8% of cases) [119]. Around 130 mutations have been reported in PGL1. SDHD-IHC is not 100% specific or sensitive, it is a complementary methods of SDHD-detection [137].

  dehydrogenase 2 (MDH2) was recently reported as a PPGL susceptibility gene. MDH2 catalyses the conversion (oxydoreduction) of malate to oxaloacetate utilizing the NAD+/NADH coenzyme system. MDH2 is involved in the TCA cycle and participates with cytosolic MDH1 to the malate/aspartate shuttle [144]. MDH1 mutation has been described in a muscle

metastasis from pancreatic adenocarcinoma

[145]

. In 2015, a germline mutation of MDH2 was identified in a PGL in which the global transcriptional profile was similar to SDH-related tumors, but no accumulation of malate was observed. On the contrary, it was identified as a high fumarate, succinate ratio and a hypermethylated phenotype

[START_REF] Cascón | Whole-Exome Sequencing Identifies MDH2 as a New Familial Paraganglioma Gene[END_REF]

. In 2018, five pathogenic variants of MDH2 were found (three missense, one in-frame deletion and a splicesite variant) and MDH2 germline variants were responsible for 0.6% of the PGL in the cohort studied [146]. 2.4.1.4.3 VHL/EPAS-related group VHL, Elegans homologs (EGLN1-3) and endothelial PAS domain protein (EPAS1) genes are mutated in 15 to 20% of PPGLs, VHL most frequently [147].

  211]. E-cadherin is essential to maintain cell-to-cell adhesion and its loss is required for EMT[212]. EMT requires a decrease in epithelial-associated gene expression, such as E-cad, β-catenin[213] and an increase in mesenchymal-associated genes expression, -related tumors also activate different proliferative pathways. Germline RET mutation causes its unregulated activation. RET is a tyrosine kinase receptor which can be activated by either dimerization after ligand-binding or by autophosphorylation of the tyrosine kinase domain[222]. RET mutations were found in MEN2 where they lead to RET activation by auto-

	like N-cadherin, vimentin, SMA and C-X-C chemokine receptor type 4 (CXCR4) [214, 215]. HIF-
	2α enhances LOX2 expression, which was overexpressed in SDHB-silenced cells [216]. phosphorylation of the intracellular domain [223]. Autoactivation induces the activation of
	Interestingly, SNAIL1 and TWIST have been found associated to the malignancy of PPGLs [217]. Ras/MAPK, which in turn activates ERK1 and ERK2 (the extracellular signal-regulated kinases
	This indicates that the activation of HIF-2-LOX-Snail-E-cadherin pathway, inducing EMT, is very
	important in the aggressiveness of SDHB-related PPGLs.
	In addition, the expression of Snail and Slug inhibits p53-apoptosis, contributing to resistance
	phosphorylates PI3K/AKT and is composed of two mTOR complexes: mTORC1 (sensitive to 2 and -9 (MMP2, MMP9) [199]. HIF also stimulates factors that favor migration, such as rapamycin), which controls protein and lipid synthesis, autophagy and energy metabolism (by phosphoglucose isomerase/autocrine-motility factors (PGI/AMF), transforming growth factor-HIF), and mTORC2 (insensitive to rapamycin) which controls cell survival and cytoskeletal α (TGF-α) and c-MET [176, 208]. organization [220]. Cluster 2 PPGL expresses higher levels of p-mTOR and Rictor than cluster
	Epithelial Mesenchymal Transition (EMT) is physiologically present in embryo development, 1 PPGL (VHL and SDHx-related tumors) which have higher expression of total mTOR, p-Raptor
	and p-S6 expression [221].

The metastatic process or invasion is facilitated by a chaotic neovascularization that helps cancer cells to disseminate. Tumor invasion follows different steps. The first step is required to degrade and remodel the extracellular matrix; HIF induces proteins that activate proteolysis, including cathepsin D, Urokinase-type plasminogen-activator receptor (uPAR), and metalloproteinaseand it is characteristic of tumor invasion [209]. HIF promotes EMT by enhancing the expression of lysyl oxidase (LOX). LOX1 and LOX2 activate the transcription factor Snail, which represses E-cadherin (E-cad) expression [210]. LOX1 has been associated to poor prognosis in pancreatic cancer patients [to chemotherapy or radiotherapy [19]. Favier et al. found that the p53 pathway was involved in the VHL-related tumors [202]. Finally, HIF-1 α induces CAIX (coding for Carbonic Anhydrase IX) expression, which promotes the survival and invasion of tumor cells. HIF-1α-associated CAIX expression was found to be increased in PPGLs with pseudohypoxia, particularly in VHL-related PPGLs [218].

2.5.2 Kinase signaling group (cluster2) -tumorigenesis RET-, NF1-, MAX-and TMEM127-mutated PPGLs activate the RAS/MAPK signaling pathway and PI3K/AKT/mTOR pathway [155]. Both pathways are linked to tumorigenesis and they interact with each other. Du et al. reported that the inhibition of MEK resulted in a decrease in mTOR phosphorylation, and mTOR inhibitors reduced phosphorylation of both AKT and ERK [219]. In addition, blocking either one of the two pathways blocked tumor proliferation in human PPGL cells [219]. Several cancers activate mTOR, a protein kinase that downstream RET

5.4 Treatment of PPGL 2.5.4.1 Pre-operative and surgical treatment

  Given that metastatic cells are often in a dedifferentiated state, signs of metastasis are high plasma concentrations of methoxytyramine, dopamine or levodopa [227]. Other factors indicative of metastasis are: at the cervical level [230, 236]. Thus, when surgery carries a high risk, radiotherapy or radiosurgery is favoured [237].

	2.5.4.2	Radiotherapy
	Radiotherapy with 131 I-Metaiodobenzylguanidine (MIBG) can be used when lesions are
	positive on 123 I-MIBG scintigraphy and the metastases grow slowly [238], and in case of
	malignant PPGLs which do not respond to systemic therapies [239]. MIBG has a similar
	chemical structure to noradrenaline, therefore it is highly uptaken in chromaffin cells. MIBG
	is labeled with Iodine 131 that emits β-rays to produce a local irradiation of the tissue in which
	it concentrates. A meta-analysis reported in 2014 that 131 I-MIBG therapy stabilized the disease
	The treatment for patients with high concentrations of norepinephrine or metanephrine is
	preoperative pharmaceutical control of the related-symptoms, such as constipation,
	palpitation, indisposition, sweats [231, 232]. Two major drugs are used before surgery: alpha-
	adrenoceptor blockers (ex. phenoxybenzamine or prazosin in France) and beta-adrenoceptor
	blockers for pseudo-hypoxic PPGLs.
	When sympathetic PPGLs are local and show no metastasis, surgery is the preferred therapy

extra-adrenal tumor location, large tumor size and germline mutations in SDHB,

FH and SLC25A11 genes [228, 229]

.

A recent meta-analysis, including 1338 patients, evaluated the 5-and 10-year mortality rates of patients with metastatic PPGLs at 37% and 29%, respectively [230]. A male gender and the presence of metastases were correlated with shorter survival and worse outcome. The carriers of SDHB mutation have a worse prognosis: the overall survival (OS) is 42 months, compared to 244 months in the absence of a SDHB mutation [120]. Genetic testing improves the prognosis and clinical management.

2.[233, 234] because it reduces the hormonal effects of the tumor on the cardiovascular system. So far, it is the only curative treatment. Unfortunately, parasympathetic PPGLs benefit less from curative surgical intervention [235], as more vascular and nervous complications can arise from surgery in 52% of the treated patients and that a partial response was found in 40% [240]. This report claimed that 131 I-MIBG was more palliative that curative. Another study with high-specificactivity 131 I-MIBG showed in 68 patients that 92% had a partial response, 25% could reduce their anti-hypertensive treatment and the median OS was 36.7 months [241]. Although, 131 I-MIBG is largely used clinically, high doses are toxic for the haematological system [242]. Other radiotherapeutic approaches have been developed with radiolabeled somatostatin analogues [243, 244].

  resulted in complete response and full remission for 9 months [256]. The First International Randomized Study in Malignant Progressive Pheochromocytoma and Paraganglioma (FIRSTMAPPP) is in progress. The study started in December 2011 and will end in June 2021. This phase II study is conducted by the Gustave Roussy Institute [257]. 74 participants are receiving a dose of 37.5 mg of sunitinib daily. Another clinical trial of phase II of sunitinib in PPGL is ongoing in three centres in Canada and one in the Netherlands and is sponsored by Pfizer [258]. In this study named SNIPP (Study of Sunitinib In Patients With Recurrent Paraganglioma/Pheochromocytoma), participants receive 50mg of sunitinib during 4 weeks, followed by 2 weeks off, for a period of 12 months.

	72% of
	cases (26/36) responded to sunitinib treatment: 1 complete response (CR), 13 partial
	responses (PR) and 12 patients with stable disease (SD) [9]. 30 reviewed cases were
	genotyped: 14 patients carried no mutations, while 13 had a germline mutation in SDHB

Therefore, several pre-clinical studied focused on the effect of sunitinib in vitro and in vivo. In vitro, sunitinib decreases cell proliferation, affecting the cell cycle, DNA metabolism and structural/cellular genes, and increases apoptosis [253, 254]. A xenograft model of PC12 cells in mice, treated with sunitinib, showed by IHC techniques a significant reduction in microvascular density, tumor volume and an increase in apoptosis in comparison with the control [255]. A recent retrospective review of Canu et al. summarized the effects of sunitinib in 36 patients from previous studies [9]. The period of treatment varied from 16 to 108 weeks and the outcome of the therapy was calculated with RECIST 1.1 criteria only in 19 patients. (N=11) and VHL (N=2) [9]. The proportion of mutated or non-mutated PPGLs showing PR or SD was similar [9]. Another study reported the single case of a 22-year-old woman, carrier of sunitinib, which This study began in February 2009 and will end in May 2020. In both studies, the clinical benefit (PR, CR or SD) is evaluated using RECIST 1.1 criteria every 3 and 4 months. Therefore, different intermediate endpoints are used in the 2 trials: biochemical response, OS, time to progression and overall response rate in the SNIPP; objective response rates, duration of response, overall time to progression, OS, adverse events, cardiovascular toxicity and bone pain evaluation in the French FIRSTMAPP. While waiting for these results, many molecular mechanisms during sunitinib treatment must be elucidated. Molecular imaging modalities can help to better decipher escape mechanisms during the follow-up of these patients. In this thesis, I aim to describe the effects of sunitinib with multi-molecular imaging techniques in a validated and preclinical model of PGL [259].

3 Imaging of PPGL

  

	After biochemical diagnosis, imaging should be performed [71]. The role of imaging
	techniques in PPGL is multiple [260]:
	 Identify the precise location of the hypersecreting or no secreting PPGL;
	 Characterize an adrenal mass by conventional imaging when the level of
	metanephrines is low or borderline;
	 Identifiy of multiple lesions, especially in hereditary PPGL;
	 Assess of initial locoregional extension;

 Search for metastasis, in patients with large PCC, PGL or high-risk metastasis (SDHB, FH, SLC25A11);

3.2.2.1 111 In-Pentetreotide scintigraphy 111

  In-pentetreotide scintigraphy is used in neuroendocrine tumors, where it is a sensitive biomarker[286]. It has limited efficacy in primary sympathetic PPGLs[280], but has a higher sensitivity than 123 I-MIBG in H&N PGLs (94%) and thoracic PGLs [127],[287, 288].Somatostatin analogs labeled with PET radio-isotopes are superior to other radiotracers: they have a specificity and sensitivity of respectively 96% and 93% [289]. Today, there are three Gallium labeled radiotracers coupled with DOTA with high affinity for SSTR-2: DOTATOC (Tyr 3octreotide), DOTATATE (Tyr 3 , Tyr 8 -octreotide) and DOTANOC (Nal 3 -octreotide). Many studies found that this family of radiotracers has an excellent diagnostic sensitivity, between 87% and 100%[290, 291]. A recent meta-analysis compared 17 studies, published before August 2016, However, in HIF2A, PHD1 and FH or MAX-mutated PPGLs,68 Ga-DOTATATE PET/CT is less sensitive and 18 F-FDOPA radiotracer is superior[260, 294, 295].

	3.2.2.2	68 Ga-labeled somatostatin analogues-PET

in overall 224 patients with metastatic PPGLs examined with

18 

F-FDG-PET or

68 

-Gasomatostatin receptor analogs. The cohort also included PPGLs associated with SDHx (A-B-D), MAX,

RET, MEN and VHL mutations [292]

. The pooled diagnostic sensitivity and specificity of

68 

Ga-peptides (95% and 87% respectively) was superior to those of 18 F-FDG (85% and 55% respectively). Interestingly, the diagnostic sensitivity of 18 F-FDG and

69 

Ga-somatostatin radiotracers were 0.79 and 0.97 respectively, in PPGLs with germline mutations [292].

68 

Ga-DOTATATE PET/CT is able to detect SDHB-metastatic mutated PPGLs in

98.6% of cases [290]

. In 9 children with SDHB-tumors, it is superior to 18 F-FDG for tumor detection [124].

68 

Ga-DOTATATE is also the most sensitive for the detection of N&H PGLs, especially SDHDassociated tumors

[293]

.

  Timmers et al. described two patients with SDHB H&N tumors and King et al. localized 20 out of 26 lesions in 8 out of 10 patients (80%) with18 F-FDG-PET[START_REF] Timmers | Superiority of Fluorodeoxyglucose Positron Emission Tomography to Other Functional Imaging Techniques in the Evaluation of Metastatic SDHB -Associated Pheochromocytoma and Paraganglioma[END_REF] 280]. Sensitivity in PPGLs is reported to be very high (80-100%), but the positive predictive value is low because 18 F-FDG is not specific of these tumors. In patients with MEN2-related PCC, sensitivity drops to 40% [265]. False negatives can be measures in retroperitoneal PGLs and H&N PPGLs [265]. In 2014, the Endocrine Society's Clinical Practice guideline recommended 18 F-FDG as the best radiopharmaceutical for the diagnosis of metastatic PGLs, in particular in SDHB-related PPGLs,

  -quantitative methods are based on the measure of Standardized Uptake Value (SUV) in the Volume Of Interest (VOI), i.e. the tumor:

	𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑖𝑧𝑒𝑑 𝑈𝑝𝑡𝑎𝑘𝑒 𝑉𝑎𝑙𝑢𝑒 (𝑆𝑈𝑉) =	Concentration of the radiotracer in the VOI ( 𝐼𝑛𝑗𝑒𝑐𝑡𝑒𝑑 𝑑𝑜𝑠𝑒(𝐾𝐵𝑞)/ 𝐵𝑜𝑑𝑦 𝑚𝑎𝑠𝑠 (𝑔)	KBq cc	)
	Different SUV parameters exist and their properties are summarized in the table below [303]
	(Table 5).			
	SUV parameter	Definition	Advantages	Disadvantages
	SUVmean	Mean value of all the	Less sensitive to image	Depends on the VOI definition
		voxels within the VOI	noise	(intra and inter-observer
					variability)
	SUVmax	Highest voxel value	Less observer variability and	More affected by image noise
		within the VOI		more reproducible than
				SUVmean
	SUVpeak	Mean value within the	Reproducibility of SUVmax	Reduced accuracy in the
		VOI surrounding the	and image noise reduction	evaluation of small lesions
		pixels with highest	of SUVmean	than SUVmax
		activity		

Table 5 : SUV parameters and their properties.

 5 Modified from[303].Volumetric parameters can also be measured: metabolic volume (volume of the tumor defined on the PET image) and total lesion glycolysis (SUVmean x metabolic volume), which correlate with a higher risk of local-regional recurrences and a decrease in OS in different types of cancer[305, 306]. Total lesion of glycolysis is considered a good response parameter, by the PERCIST criteria (see definition page 76) [307].

Other semi-quantitative parameters exist, such as the SULpeak (SUV peak normalized to the lean body mass), or SUVhot average, based on the average of the 2 (or more) hottest voxels in the VOI, which is less sensitive to noise and more accurate than SUVmax based on 1 pixel [304].

Table 6

 6 

). No reduction in size is therefore considered. The EORTC general recommendations (1999) judged both SUVs and MRGlu efficient to describe the changes in glucose metabolism under chemotherapy [302]. They suggest that multiple 18 F-FDG-PET scans are necessary. SUV is the minimum measurement to perform and should be normalized for the body surface area. MRGlu can be more appropriate to monitor gliomas [300].

Table 6 : Comparison between EORTC and PERCIST1

 6 

.0. Adapted from

[313]

.

Several studies compared the RECIST criteria with PERCIST or EORTC. A recent review emphasizes the superiority of PERCIST or EORTC criteria to report on the overall response rate, compared to RECISTs criteria, in a cohort of 627 patients with different types of tumors

[313]

.

Table 7 )

 7 [260].

	Gene mutated	Location		Related other tumors		First-choice radiotracer
	MEN2	Adrenal	MTC,	parathyroid	adenomas	or	18 F-FDOPA
			hyperplasia			
	NF1	Adrenal	Neurofibromas, peripheral nerve sheath	
			tumors and gliomas			
	TMEM127	Adrenal	RCCs				
	MAX	Adrenal	None reported			
	VHL	PPGLs	RCCs and CNS hemangioblastomas		
	HIF2A	PPGLs	Somatostatinomas			
	SDHB	PPGLs	GISTs, RCCs and pituitary adenomas		68 Ga-DOTATATE
	SDHD	PPGLs					
	SDHC	PPGLs	GISTs				

Table 7 : First-line choice of radiotracer according to mutational status

 7 

. Taken from [260].

Table 8 : Acoustic characteristics of biological materials
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. Taken from [350].

  [350]. In contrast to other techniques such as CT and MRI, US has a high inter-operator variability, a reduced field of view and is unable to provide information in lung and bones.

	However, with the development of US technology and of Graphics Processing Unit (GPU), US,
	The first US exam of tumor angiogenesis performed with Doppler US distinguished between
	benign and malignant breast tumors [367]. Color Doppler US allows to image the anatomy of
	the tortuous tumor vascularization, which is different from normal vascularization. US Doppler
	can be used to study non-invasively the response to anti-angiogenic (AA) drugs and to evaluate
	therapeutic efficacy [368]. Correlations between Doppler flow and microvascular density
	measured by histology established correlations between functional and anatomical
	parameters under AA treatment [369], although inconstantly [370]. Recently, reconstructing
	3D-images of vascularization with high US frequencies allowed to extract and measure specific
	vascular parameters like the length of vessels, the number of vascular centerlines, the number

with or without contrast agent, has been revaluated as is highly available, cheap and easy to repeat. Since 2012, when it was possible to achieve imaging of a single cardiac cycle in a few seconds, based on Ultrafast Doppler and Contrast US, major clinical translations have been achieved

[362]

, especially in contrast-enhanced US (CEUS), molecular US for diagnosis and therapy follow-up, and focused US and sonoporation for therapy.

Before 2012, Doppler US was used to see arterioles and venules, and the use of microbubble in CEUS was necessary to image capillaries. Imaging tumor vascularization can be difficult since tumors are heterogeneous and have an internal elevated oncotic pressure which causes an inconstant decrease of arterial pressure in the vessels

[START_REF] Sherwood | Tumor Angiogenesis: Therapeutic Implications[END_REF]

.

of branching points (nodes), the average radius of vessels and the distance between vessels [371]. Currently, label-free Doppler US is used for the diagnosis of many tumors, such as gynecological cancer [372], liver cancer [373], carotid PGL [374] and neck tumors [375].

Table 9 : PET-CT-UUI extracted parameters.

 9 

	Nb	Parameter	Abbrevation	Source	Unit	Software	Definition	Note
							Average of the Standard	
							Uptake of FDG in the VOI	
		Mean Standardized					(Bq/mL_in_lesion/Bq	
		Uptake Value	Mean SUV	PET	0	Pmode 3.7	injected/weight)	
		Maximum Standardized					Average of the 5 hottest	
		Uptake Value	Max SUV	PET	0	Pmode 3.7	pixels in the tumor VOI	
							Total FDG consumed by the	Mean SUV x PET-
		Total Lesion Glycolysis	TLG	PET	mm³	Pmode 3.7	whole tumor	derived volume
								Patlak model
		Metabolic Rate of			μmol/		Phosphorylated FDG trapped	with two tissue
		Glucose Utilization	MRGlu	PET	min/100g	Pmode 3.7	in the cell	compartiments
							Rate of intra-cellular FDG	
							phosphorylation when there	
					ml/cm³/		is a constant concentration	
		Metabolic flux	Metabolic flux	PET	min	Pmode 3.7	of FDG in the blood	
		Computed Tomography					Tumor volume defined by the	
		Volume	CT volume	CT	mm³	Pmode 3.7	first CT scan	
							Volume occupied by	
		Vessel volume	Vessel volume	US	mm³	Matlab 2018b	segmented vessels	
								A node is located
								at the bifurcation
								of two or more
								branches of
		Number of nodes	n° nodes	US	0	Matlab 2018b	Sum of all the nodes	vessels
								It can be and
								index of
		Number of nodes/ vessel	n°nodes/ vessel				Number of nodes per unit of	vasculature
		volume	volume	US	1/mm³	Matlab 2018b	vessel volume	development.
							Average of the maximum	
	10	Maximum Vessel length Maximum length	US	mm	Matlab 2018b	length of all vessels	
							Average of the mean length of	
	11	Mean vessel length	Mean length	US	mm	Matlab 2018b	all vessels	
							Variance of the mean vessel	
	12	Length vessel dispersion Length dispersion	US	mm²	Matlab 2018b	length	
	13	Mean vessel tortuosity	Tortuosity	US	0	Matlab 2018b		

7 Supplementary figures Number Parameter Category Effect of sunitinib at every week (statistics on the mean values) Comparison with the vehicle at the same week (2way-ANOVA)

  

							Comparison with W3 of sunitinib
							treatment (paired test t-student)
				Week 1	Week 2	Week 3	Week 4	Week 5	Week 6
	1 Mean SUV	PET	Decreased Decreased n.s.	n.s.	n.s.	n.s.
	2 Max SUV	PET	Decreased Decreased n.s.	n.s.	n.s.	n.s.
	3 TLG	PET	Decreased Decreased Decreased Increased Increased	Increased
	4 MRglu	PET	Decreased Decreased n.s.	n.s.	n.s.	n.s.
	5 Metabolic flux	PET	Decreased Decreased n.s.	n.s.	n.s.	n.s.
	5 CT Volume	CT	Decreased Decreased Decreased Increased Increased	Increased
	6 Vessel volume	US	Decreased Decreased Decreased n.s.	Increased	Increased
	7 n° nodes	US	Decreased Decreased Decreased n.s.	Increased	Increased
		n° nodes/ vessel							
	8	volume	US	n.s	n.s	n.s	n.s	n.s	n.s
	9 Max length	US	Decreased Decreased Decreased Increased Increased	Increased
	10 Mean length	US	n.s.	n.s.	n.s.	n.s.	n.s.	n.s.
		Length							
	11	Dispersion	US	n.s.	n.s.	n.s.	Increased n.s.	n.s.
	12 Tortuosity	US	n.s.	n.s.	n.s.	n.s.	n.s.	n.s.
	13 Mean diameter	US	n.s.	n.s.	n.s.	n.s.	n.s.	n.s.
	14 Max diameter	US	n.s.	n.s.	n.s.	n.s.	n.s.	n.s.

Table 10 : Summary table with changes in PET-CT-UUI parameters during sunitinib treatment.
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  Inhibition of PDH, the rate-limiting enzyme of glycolysis, may be the main responsible factor [490]. Interestingly, the shift from FA to glucose metabolism is also observed during fetal reprogramming and is a hallmark of cardiac hypertrophy [491]. In addition, ketone bodies are catabolized in the hypertrophied and failing heart [492]. Aubert et al. showed a shift from FA to ketone body metabolism [493] at advanced stages of HF, after the shutdown of other metabolic pathways [494, 495]. The use of ketone bodies instead of FA and glucose for oxidation could also improve cardiac function and efficiency [496].Furthermore, the accumulation of chain amino acids, such as isoleucine, valine and leucine, has been observed during HF. Amino acids participate in de novo protein synthesis and signaling molecules. For instance, they may activate the mTOR pathway to regulate different cellular processes (autophagy and insulin resistance), interfering with FA and glucose metabolism[497, 498].

	The nature
	of the pathology and, in case of heart failure (HF), the stage (early, mid, advanced), induce
	different metabolic adaptations [486].
	In advanced HF, FA uptake and oxidation are reduced [487]. This is the case during high-salt
	diet-induced HF, left ventricular hypertrophy and in spontaneously hypertensive rats
	(Reviewed in [484]). A decrease in FA oxidation leads to a decrease in ATP production, and it
	is through glucose uptake and metabolism that this deficit is compensated. However, this has

been reported in early and not in advanced HF during hypertrophy

[488, 489]

. In contrast, reduced glucose oxidation, which may be caused by a mitochondrial dysfunction, is observed in advanced HF

[487]

.

F-FDG is commonly used in cancer and metastasis detection and therapy follow-up, because it reflects the Warburg effect [296].[START_REF] Grivennikov | Immunity, Inflammation, and Cancer[END_REF] F-FDG is taken up in cells via glucose transporters of the GLUT family and is phosphorylated into[START_REF] Grivennikov | Immunity, Inflammation, and Cancer[END_REF] F-FDG-6-P by HK (hexokinase) in the cell, which traps[START_REF] Grivennikov | Immunity, Inflammation, and Cancer[END_REF] F-FDG in the cytoplasm and avoids further metabolization.[START_REF] Grivennikov | Immunity, Inflammation, and Cancer[END_REF] F-FDG-PET is widely used in breast cancer, lung cancer, gynecological malignancies, prostate cancer, hematological

Remerciements

Abbreviations

B. SDHB

The SDHB mutation was discovered in familial PPGL in 2001 [START_REF] Astuti | Mutation analysis of HIF prolyl hydroxylases (PHD/EGLN) in individuals with features of phaeochromocytoma and renal cell carcinoma susceptibility[END_REF]125]. It is the most common among SDHx mutations in the general population, except in Dutch where SDHD mutations are more frequent than SDHB [126]. SDHB mutation predisposes mainly to extra-adrenal sympathetic PPGLs and rarely to adrenal PGLs or primary neck and head tumors (PGL4 syndrome). SDHB mutation predisposes more frequently to H&N PGLs than to RCC and GIST [127]. SDHB mutation is a biomarker of malignancy (metastasis) (up to 50% of SDHB-mutated PPGLs) and of poor prognosis [120,125] (Figure 11). Germline mutations in SDHB gene account for 10% of PPGLs [128]. In comparison with PGL1 (SDHD-related), patients with SDHB mutations have lower penetrance and at a later age.

Jochmanova reported that males present initial diagnosis at a younger age than females, with a 50% penetrance at 74 years of age, while the rate of metastasis were similar between the two genders [129]. However, the survival rate of male post-diagnosis was better than that of A further analysis was performed to follow and compare the evolution and behavior of the vascular network in regions with different 18 F-FDG uptakes. The PET-UUI tumor volume was segmented into different sub-regions based on their SUV values: SUV 0-1, SUV 1-2, SUV 2-3, SUV 3-4, SUV 4-5 and SUV>5 (Figure 49). In these regions, the same parameters derived from the Ultrafast Doppler acquisition were measured, and a graph showing three regions with the following SUV values: (1) SUV 0-1 (low SUV), (2) SUV 2-4 (intermediate SUV) and (3) SUV> 4 (high SUV) was drawn (Figure 50).

The 3-D visualization of PET-UUI imaged-tumors (Figure 44) was obtained using Thermo Scientific™ Amira™ Software (ThermoFisher, USA).

(10424752, Life technology). Slides were scanned with Vectra ® Polaris ™ (PerkinElmer) and analyzed using homemade software developed in Matlab® (The MathWorks, Natick, MA, USA). CD31, GLUT1, MCT1, MCT4 and α-SMA signal were counted in 20 fields at x20 magnification in 3 independent sections for each sample. α-SMA and CD31 signals were quantified in each field of view. The pericyte coverage was calculated as the number of vessels stained for α-SMA (both α-SMA and CD31 positive vessels) over the total number of vessels (CD31 positive).

Trichrome coloration was performed in other deparaffinized and rehydrated tumor sections with the Masson Trichrome Kit (MST-100T, BioGnost).

Image analysis

To 

Chapter 2: EX VIVO STUDIES 8 Results

In order to further analyze at higher molecular level the main observations made in vivo, i.e.

the early metabolic switch at W3 and the vascular re-growth at W5, we repeated the same treatment protocol in Sdhb -/-PGL tumorized mice and collected tissues at baseline, W1, W3 and W6 (Figure 53). For ex vivo analyses, PET-CT-UUI imaging was done in this group at baseline and on the day of sacrifice for all mice. Therefore, mice used for ex vivo analysis are representative of the mice from the first series studied by longitudinal in vivo PET-CT-UUI.

The angiogenic switch occurs after the change in the metabolism

In order to confirm the effects of sunitinib observed in vivo, we stained tumor tissue sections with CD31 antibody for proliferative endothelial cells and α-SMA for pericytes. The pericyte marker NG2 was not found in Sdhb -/-tumors (unshown results). Morphologically, vessels in the vehicle-treated group appeared abundant, tortuous and variable in length (Figure 54 

Part B: Cardiac side effects of the anti-angiogenic treatment

This part is the result of a collaboration with Dr Sourdon and the University of Baltimore.

Joevin Sourdon was finishing his PhD in our lab when I started mine and then started a post-PhD in Baltimore with Professor Robert George Weiss. The study reported here was initiated by Dr Sourdon and I enjoyed participating in its continuation. To respect of the 3R principle (Replacement, Reduction, Refinement) in animal experimentation, the long-term effects of sunitinib on the myocardium were investigated in the same mice bearing the Sdhb -/-tumor that were used in the previous study, only a few animals were added.

1 Introduction

Myocardial metabolism

In healthy conditions, the adult heart uses 70% of the generated ATP as fuel for contraction and the rest (30%) for ion pumps, such as Ca 2+ -ATPase in the sarcoplasmic reticulum. The myocardial metabolism relies for 60-70% of ATP on the β-oxidation of fatty acids (FA). The rest (30-40%) of ATP is produced from glucose, ketones and lactate [484], which are catabolized to acetyl-CoA and enter in the TCA cycle under aerobic conditions (Figure 61). In addition, the energetic bond of ATP can be transferred to phosphocreatine (PCr) via mitochondrial creatine kinase. Inversely, PCr can be unphosphorylated via creatine phosphatase (CK) in the following reaction:

PCr can easily diffuse through cells, enabling ATP delivery into myofibrils and serving as a rapidly exchangeable pool of energy.

Objective

Since a major side effect of sunitinib is hypertension, which often leads to abnormal heart functional and cardiac hypertrophy, we aimed to clarify whether sunitinib-induced hypertrophy could be predicted by early metabolic changes and whether the prevention of pressure overload by ET receptors antagonism (macitentan) could avoid cardiac remodeling. 

Supplementary figures