diagnostic et thérapie guidée » du Centre de

Pour toutes les autres personnes que j'ai eu la chance de rencontrer durant ces trois années, un grand Merci. En particulier, Vi, à qui je ne cessais de crier « Timing ! » durant nos expériences, ma chaleureuse voisine de bureau le Docteur Laurence Dallet, mon « mentor » de thèse le Docteur William Lefrançois. J'ai été heureuse de vous connaître et de partager ces moments avec vous.

Résumé substantiel Introduction

Ce travail, réalisé au Centre de Résonance Magnétique des Systèmes Biologiques (UMR 5536) de Bordeaux et sous la direction du Docteur Philippe Mellet, s'intitule :

Imagerie moléculaire par résonance magnétique de l'activité de protéases à sérine en pathologies Ce travail de thèse a porté sur la détection et l'imagerie de l'activité de protéases dans le cadre de maladies liées à la protéolyse, un phénomène biologique dans lequel les protéases catalysent l'hydrolyse de peptides et/ou de protéines.

Protéase : une épée à double tranchant nécessitant un contrôle d'activité

L'activité protéolytique est essentielle à la vie, pour la clairance des agents pathogènes ou la digestion des aliments par exemple. Cependant, la protéolyse doit être soigneusement orchestrée et strictement contrôlée par des mécanismes de régulations stricts, notamment via des inhibiteurs, à des fins d'homéostasie.

Toute dérégulation temporelle et/ou spatiale perturbant l'équilibre entre protéases et inhibiteurs peut avoir des conséquences néfastes sur le tissue touché. De nombreuses pathologies, notamment l'arthrite, l'athérosclérose, les cancers, l'inflammation, les troubles neurodégénératifs et la pancréatite sont liées à une protéolyse excessive. En particulier, la littérature indique une importante contribution de la famille des protéases à sérine dans les maladies liées à la protéolyse. Des niveaux accrus de telles protéases sont associés à des troubles inflammatoires pulmonaires (par exemple, l'Elastase du Neutrophile (NE)) ou à des pancréatites (par exemple, la Chymotrypsine). Certaines sont fortement associés aux cancers et aux métastases (par exemple, l'activateur de plasminogène de type urokinase (uPA)).

Des outils de diagnostic et de recherche inadéquats

Les dosages immunologiques à partir d'échantillons biologiques sont des méthodes couramment utilisées pour examiner les protéases de façon quantitative. Cependant, les méthodes reflétant de manière précise et fiable la gravité de maladies liées à la protéolyse manquent. Par conséquent, des efforts importants sont déployés pour mettre au point des techniques permettant de surveiller en temps réel l'activité protéolytique dans un organisme entier. Ces méthodes consistent en des stratégies d'imagerie quantitative permettant de mesurer directement la protéolyse. Bien que des preuves de principes aient été démontrées pour l'imagerie de l'activité de protéases par les modalités d'imagerie optique, de tomographie par émission de positrons (TEP) et de résonance magnétique (IRM), la recherche clinique est limitée par l'absence de méthodes d'imagerie fiables pour localiser les activités protéolytiques délétères afin d'évaluer le statut réel de l'équilibre protéase/inhibiteur chez un patient avant et après traitement par exemple. Ainsi, l'introduction de nouveaux agents d'imagerie, le développement d'outils d'imagerie non-invasifs, en temps réel, spécifiques et sensibles ainsi que rentables représentent des défis cruciaux pour une future application clinique de l'imagerie moléculaire de la protéolyse.

Nitroxydes à déplacement de raies spectrales

Ce travail de thèse a porté sur le développement de sondes peptidiques originales pour le suivi de la protéolyse par spectroscopie de Résonance Paramagnétique Électronique (RPE) et l'Imagerie in vivo par Résonance Magnétique rehaussée de l'effet Overhauser (OMRI). Une nouvelle famille d'agents d'imagerie appelée « nitroxydes à déplacement de raies spectrales » a été présentée.

Suivi de la protéolyse par Résonance Paramagnétique Électronique

Dans le but d'introduire un nouvel outil clinique de surveillance de l'activité protéolytique des protéases à sérine, l'utilisation de radicaux libres sous forme de nitroxydes a été étudiée par RPE. Un corps nitroxyde cyclique phosphorylé a été synthétisé puis lié à un tétrapeptide via une liaison ester d'énol. Trois substrats ont été développés pour sonder l'activité des marqueurs biologiques Elastase du Neutrophile et Chymotrypsine, respectivement : Suc-Ala-Ala-Pro-Val-Nitroxyde et MeO-Suc-Ala-Ala-Pro-Val-Nitroxyde, et MeO-Suc-Ala-Ala-Pro-Phe-Nitroxyde. Leur spectre RPE est identique et affiche un signal à 6 raies composé d'un triplet issu du couplage de l'électron non-apparié avec l'azote 14 N dédoublé par le couplage de l'électron non-apparié avec l'atome de phosphore 31 P. Lors de l'hydrolyse enzymatique du peptide, l'ester d'énol est transformé en cétone, résultant en une différence de 5 G dans la constante de couplage hyperfin au phosphore entre les signaux RPE du substrat versus du produit. Il s'agit du déplacement le plus important à notre connaissance pour des nitroxydes présentant une sélectivité enzymatique. La constante de couplage hyperfin de l'azote est, quant à elle, pratiquement inchangée. Avec un décalage supérieur à la largeur de raie, les raies centrales des substrats et des produits ne se chevauchent pas, ce qui nous a permis de quantifier chaque espèce dans des mélanges in vitro mais également dans des échantillons de sang, d'urine, des lavages broncho-alvéolaires et des tissus et cultures cellulaires. Ainsi, ces nitroxydes ont été utilisés pour mesurer les activités enzymatiques par RPE.

Le substrat Suc-Ala-Ala-Pro-Phe-Nitroxyde présente de bonnes propriétés catalytiques et une bonne sensibilité pour la chymotrypsine, montrant ainsi un grand intérêt pour une imagerie future visant à diagnostiquer et à traiter rapidement une pancréatite chronique. De plus, la co-sélectivité de la cathepsine G ouvre la porte à une méthode d'imagerie de l'inflammation conjointe avec la pancréatite.

Les substrats MeO-Suc-Ala-Ala-Pro-Val-Nitroxyde et Suc-Ala-Ala-Pro-Val-Nitroxyde ont été synthétisés pour sonder l'activité de NE. Les tests cinétiques in vitro ont indiqué que les deux substrats ont une forte affinité pour l'enzyme avec de meilleures constantes enzymatiques que la sonde chromogénique référente dans la littérature MeO-Suc-Ala-Ala-Pro-Val-Paranitroanilide. De plus, ils ont témoigné une sensibilité suffisante pour augmenter de 2,5 fois le signal RPE dans le sang, révélant ainsi la dégranulation induite des neutrophiles et ce, malgré la concentration élevée d'inhibiteurs endogènes. En plus d'être suffisamment stable dans le sang pour effectuer des expériences in vivo, Suc-Ala-Ala-Pro-Val-Nitroxyde présente une forte stabilité sur des cultures cellulaires et ne génère aucune mortalité. Dans les lavages broncho-alvéolaires provenant de souris saines ou souffrant d'une infection bactérienne, l'activité de NE semble être lié à la gravité de l'infection et donc à l'intensité de la réponse inflammatoire.

Les propriétés chimiques de ces nitroxydes ont ensuite été transposées pour les applications en IRM à des fins de diagnostic in vivo.

Imagerie de la protéolyse par Résonance Magnétique rehaussée de l'effet Overhauser

L'imagerie par résonance magnétique est une méthode non-ionisante de choix pour fournir des détails anatomiques précis, mais son manque de sensibilité freine l'imagerie moléculaire, incluant l'imagerie d'activités enzymatiques. Pour ce faire, la fréquence RPE, appliquée dans la cavité RPE du système OMRI, doit être définie précisément pour le nitroxyde choisi. Grâce au changement important des valeurs de constantes de couplage hyperfins du phosphore, il est possible de saturer sélectivement les transitions électroniques des substrats ou produits et ainsi d'obtenir des images de la consommation de substrat ou bien de la génération de produit. La fréquence RPE a ici été réglée pour une saturation des spins électroniques des substrats à 5425,6 MHz et des produits à 5414,4 MHz.

La protéolyse dans les lavages broncho-alvéolaires de souris a été analysée avec succès par OMRI. Les rehaussements de signaux IRM semblent dépendre de l'état de santé des souris et de leurs génotypes, et sont en corrélation avec la sévérité de l'infection et donc de la réponse inflammatoire. Nous avons pu détecter une activité de NE aussi sensible que 1 nM chez des souris infectées, ce qui est prometteur pour une imagerie in vivo où le signal, non dilué, apparaîtrait concentré d'environ 100 fois dans le site précis où se trouve l'excès de protéolyse.

L'irradiation à la fréquence RPE de 5425,6 MHz a permis d'accéder à la biodistribution des substrats in vivo.

Conclusion

Ce travail de thèse a permis de développer et de caractériser une nouvelle forme de sondes agissant comme rapporteurs d'activités protéolytiques pour la spectroscopie RPE. Une méthodologie unique a été appliquée pour permettre l'imagerie de telles activités par IRM. Cette méthode, que nous proposons, utilise des nitroxydes à déplacement de raies spectrales dont les caractéristiques physiques sont uniques et inégalées. Ceux-ci permettent un fort rehaussement du signal IRM aboutissant à un contraste amélioré sur l'image finale. De plus, ce contraste est conditionné par la présence de protéases ayant une activité protéolytique spécifique de la sonde utilisée. Nos travaux sur l'imagerie moléculaire de la protéolyse par IRM est un apport considérable dans trois grands domaines : le diagnostic, l'évaluation et le suivi longitudinal des traitements à base d'inhibiteurs de protéases ainsi que la recherche fondamentale sur les protéases et la recherche pharmaceutique sur les inhibiteurs.

Summary Introduction

This work, done in the Centre de Résonance Magnétique des Systèmes Biologiques (UMR 5536) in Bordeaux, France, and under the supervision of Philippe Mellet, is entitled :

Molecular imaging of serine protease activity-driven pathologies by magnetic resonance

At the center of this thesis has been the detection and imaging of protease activity in the context of proteolysis-related diseases, a biological phenomenon in which proteases catalyze the hydrolysis of peptides and/or proteins.

Protease : a double-edged sword that requires activity control

Proteolytic activity is essential for life, for pathogen clearance or food digestion as examples. Yet, proteolysis must be carefully orchestrated and strictly controlled by tight regulatory mechanisms including inhibitors for homeostasis purpose. Any temporal or spatial dysregulations disrupting the protease/inhibitor balance can induce harmful consequences. Many pathologies including arthritis, atherosclerosis, cancers, inflammation, neurodegenerative disorders and pancreatitis are related to excessive proteolysis. In particular, the literature indicates an important contribution of the serine protease family in diseases related to proteolysis. Increased levels of such proteases are associated with pulmonary inflammatory disorders (e.g., Neutrophil Elastase) or with pancreatitis (e.g., Chymotrypsin). Some are strongly associated with cancers and metastasis (e.g., Urokinase-type Plasminogen Activator).

Inadequate diagnostic and research tools

Immunodiagnostic assays from biological fluid samples are commonly used methods when looking at proteases. However, there is a serious lack in methods that accurately and reliably reflect proteolytic disease severity. Therefore, extensive efforts are being made on developing methods monitoring protease activity within a whole organism in real-time. Such methods consist in quantitative imaging strategies that can directly measure proteolysis in disease severity establishment purposes. Although proof-of-principles have been demonstrated for multiple protease activity imaging by optic, Positron Emission Tomography (PET) and Magnetic Resonance (MR) imaging modalities, clinics is impaired by the absence of reliable imaging methods to localize deleterious proteolytic activities in order to assess the actual protease/antiprotease balance status in a patient before and after treatment. Introduction of novel imaging agents, development of non-invasive, real-time, specific and sensitive as well as cost-effective imaging tools represent crucial challenges for clinical applicability of proteolysis imaging.

Line-shifting nitroxides

This work focused on the development of novel substrate-based probes for monitoring of proteolysis by Electron Paramagnetic Resonance (EPR) spectroscopy and for in vivo Magnetic Resonance Imaging enhanced by the Overhauser Effect (OMRI). A new family of imaging agents called "line-shifting nitroxides" has been introduced.

Monitoring of proteolysis by Electron Paramagnetic Resonance

In the aim to introduce a new tool to monitor non-invasively proteolytic activity of serine proteases, the use of free radicals as nitroxides for enzymatic activity monitoring by EPR was investigated. A phosphorylated cyclic nitroxide was synthetized carrying a tetrapeptide sequence via an enol ester bond. Three substrates were developed to probe activity of biological markers Neutrophil Elastase and Chymotrypsin, respectively Suc-Ala-Ala-Pro-Val-Nitroxide and MeO-Suc-Ala-Ala-Pro-Val-Nitroxide, and Suc-Ala-Ala-Pro-Phe-Nitroxide.

Substrate EPR spectra display a 6-lines signal composed by a triplet from the coupling of odd electron with the nitrogen 14 N splitted in two by the phosphorous hyperfine coupling constant of 31 P atom. Upon specific enzymatic hydrolysis of the peptide, the enol ester moiety is transformed into a ketone moiety affording a difference of 5 G in phosphorus hyperfine coupling constant between the EPR signals of substrate and product. This is the largest shift for nitroxide exhibiting enzymatic selectivity to our knowledge. With a shift larger than their linewidths, substrates and product EPR central lines do not overlapped, allowing us to quantify each species in in vitro mixtures but also in blood and urine samples, broncho-alveolar lavage fluids and tissues as well as cell cultures. Thus, lineshifting nitroxides were used to measure enzyme activities by EPR.

Suc-Ala-Ala-Pro-Phe-Nitroxide exhibits good catalytic properties and sensitivity for chymotrypsin, thus showing great interest for future imaging aiming to early diagnose and stage chronic pancreatitis. In addition, the co-selectivity for cathepsin G opens the door for a sensitive imaging method of the inflammation that exists during pancreatitis.

MeO-Suc-Ala-Ala-Pro-Val-Nitroxide and Suc-Ala-Ala-Pro-Val-Nitroxide were synthetized to probe Neutrophil Elastase. The in vitro kinetic tests indicated that both substrates are fast and affine for NE and in a lesser extent for Proteinase 3 with Michaelis constants for NE better than its chromogenic analog reference in the literature, MeO-Suc-Ala-Ala-Pro-Val-Paranitroanilide. They are sensitive enough to raise an EPR signal in blood by 2.5-fold thus revealing an induced degranulation of neutrophils despite the high concentration of endogenous inhibitors. In addition to be stable enough in blood to perform in vivo experiments, Suc-Ala-Ala-Pro-Val-Nitroxide exhibits a strong stability in cell culture and do not generate any mortality. In broncho-alveolar lavage fluids from healthy mice or mice with bacterial infection, the role of NE appeared to be linked with infection severity and thus inflammatory response intensity.

Chemical properties of those nitroxides were then transposed for MRI applications to in vivo diagnosis purpose.

Proteolysis imaging by Overhauser-enhanced Magnetic Resonance Imaging

Magnetic Resonance Imaging (MRI) is a non-ionizing method of choice to deliver exquisite anatomical details but its lack of sensitivity so far preventing molecular imaging such as enzyme activity imaging. Overhauser enhanced MRI however is an emerging imaging method designed to enhance the magnetic resonance sensitivity. It combines two techniques : EPR and NMR (Nuclear Magnetic Resonance), base for MRI. It is a double resonance experiment consisting in saturating electronic transitions of unpaired electrons placed in a static magnetic field using a selective hyper-frequency wave. Interactions between the saturated unpaired electrons and the surrounding water proton nuclei, polarization transfer occurs that enhances the MRI signal that appears brighter at the site of the unpaired electrons.

To do so, the EPR frequency, apply inside the EPR cavity from the OMRI system, had to be accorded precisely on the chosen nitroxide. Thanks to the important shift in phosphorous hyperfine coupling constant, it appears possible to selectively saturate the electronic transitions of each nitroxide substrate or product and thus obtain images of either substrate consumption either product generation. EPR frequency was tuned for a selective and effective electron spin saturation of the substrate at 5425.6 MHz, and of the product at 5414.4 MHz.

Proteolysis in broncho-alveolar lavage fluids were successfully imaged by OMRI.

The enhancements appear to be dependent on mouse health condition and genotype, and correlate with the infection and inflammatory response severity.

Results indicated that we were able to detect an elastase activity as low as 1 nM in infected mouse, thus promising for in vivo imaging in real-time where the signal would appear undiluted but rather concentrated by about 100-fold. In vivo, irradiation at the EPR frequency of the substrate gives access to its biodistribution. Table 1. Plasmatic concentrations of major extracellular serine anti-proteases. 
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General Introduction

Our view of proteases, also named proteolytic enzymes, has been considerably expanded since Wilhelm Kühne, when studying protein digestion, discovered trypsin in bovine intestine. Nowadays, after 143 years and half a million PubMed articles, proteases remain at the cutting edge of research.

Proteases act as sharp molecular scissors. They cleave and sometimes degrade proteins, a phenomenon called "proteolysis". While this function is essential for life, it can also be critical for many pathologies including arthritis, atherosclerosis, cancers, inflammation, neurodegenerative disorders and pancreatitis [START_REF] López-Otín | Proteases: Multifunctional Enzymes in Life and Disease[END_REF]. Ubiquitous, proteases occupy a pivotal position with respect to their high applicability in clinical and commercial fields both physiologically and pathologically. Pharmaceutical industry and research

give special attention to proteases as potential drug targets or as novel diagnostic biomarkers [START_REF] Turk | Targeting proteases: successes, failures and future prospects[END_REF].

This general introduction is intended to provide the introduction and motivations for my Ph.D. work presented in the following Chapters 2, 3 and 4.

Chapter 1 is divided into three main points :

I. In the first point, I inquire with the involvement of proteases in diseases, with particular foci on pulmonary inflammation, pancreatitis and cancers.

II.

Then, I expose substrate structural specificities of potential biomarkers from the enzyme sub-family "serine proteases".

III.

Finally, an overview on how serine protease activity can be imaged in vivo is revealed.

I. Proteases in physiological and pathological contexts.

The proteolytic balance

1.1.

Definition of proteases

Proteases are hydrolases which catalyze hydrolysis of peptide bonds (CONH) that join two adjacent amino acids in proteins or peptides (Figure 1). Proteolysis is performed either by cleaving proteins from the N-terminus or C-terminus (by exopeptidases), or in the middle of the amino acid chain (by endopeptidases).

Proteases are present in every extra-and intra-cellular compartment and regulate a variety of physiological processes critical for life [START_REF] Rawlings | Handbook of Proteolytic Enzymes[END_REF]. At a proteomic level, it includes the regulation of maturation, localization, activity and recycling of many proteins, modulation of protein-protein interactions, processing in signalization, transduction and amplification of molecular signals. Proteases also influence DNA replication and transcription, cell proliferation, migration and differentiation, tissue remodeling, angiogenesis, wound repair, blood coagulation, digestion, ovulation, inflammation, necrosis and apoptosis, immune response and pathogen clearance [START_REF] Segal | How Neutrophils Kill Microbes[END_REF].

Figure 1. Mechanism of peptide hydrolysis. This chemical reaction is spontaneous in

water but very slow. Enzymes are used in living organisms to catalyze hydrolysis.

Protease : a double-edged sword

Degradome analysis indicates that protease and protease inhibitor genes represent more than 2 % of total genes in human genome [START_REF] Puente | A genomic view of the complexity of mammalian proteolytic systems[END_REF] ; , 2001). In physiological conditions, protease activity is needed by the organism in response to biological, chemical or physical stimuli. Yet, their activity must be carefully orchestrated and strictly controlled by tight regulatory mechanisms for homeostasis purpose [START_REF] Hedstrom | Serine Protease Mechanism and Specificity[END_REF]. Thus, proteases often exist as inactive enzymes called zymogens that require activation processes. It can consist in subunit multimerization. For instance, dimerization of the Human Immunodeficiency Virus type 1 (HIV-1) protease subunits is essential for acquisition of proteolytic activity, in turn critical in maturation and virus replication [START_REF] Wlodawer | Conserved folding in retroviral proteases: Crystal structure of a synthetic HIV-1 protease[END_REF]. Another way of regulation implies cleavage of inactive precursors, as pancreatic serine proteases, activated for food digestion only when they reach the duodenum [START_REF] Neurath | Role of proteolytic enzymes in biological regulation (a review)[END_REF]. Other mechanisms involve protease trapping in dedicated compartments such as mitochondria, specific apical membranes or lysosomes (in which acidic pH participates also to enzyme activity containment). One last but not least consists in blocking active proteases by endogenous inhibitors. In normal conditions, the protease/inhibitor balance is firmly maintained as steady state with a large excess of inhibitors (Figure 2 

1.3.

Classification of proteases

Human proteome consists of at least 553 proteases [START_REF] Southan | A genomic perspective on human proteases[END_REF]. Interestingly, mouse proteome is even more complex with at least 628 proteases [START_REF] Puente | Human and mouse proteases: a comparative genomic approach[END_REF]. Proteases are classified in several families on the basis of their amino acid active site composition, tertiary structure and mechanism of action. Five main catalytic classes of proteases are recognized : Aspartyl-, Cysteine-, Metallo-, Serine-and Threonine-proteases (Figure 3).

Figure 3. The human and mouse proteases. Number of proteases per catalytic class

(Raw data from [START_REF] Puente | Human and mouse proteases: a comparative genomic approach[END_REF].

1.4.

The importance of protease/anti-protease balance

To contain the potential injurious effects of proteases, the network of antiproteases constitutes a precious defensive system. Anti-proteases are inhibitors that react with proteases so that a reaction with their natural substrates is prevented. Extracellular anti-proteases protect tissues from proteolytic attack, while intracellular anti-proteases are important in the regulation of cell function.

Particular attention was given to serine protease inhibitors due to importance of 

Catalytic class

Human Mouse serine proteases related to diseases (Figure 4) [START_REF] Pérez-Silva | The Degradome database: expanding roles of mammalian proteases in life and disease[END_REF]. Some extracellular serine protease inhibitors, such as α1-antitrypsin (AAT), α1antichymotrypsin (ACT) and α2-macroglobulin (α2-MG) are produced by the liver and reach tissues by passive diffusion [START_REF] Kalsheker | Gene regulation of the serine proteinase inhibitors alpha1-antitrypsin and alpha1-antichymotrypsin[END_REF]. Others, such as Secretory Leukocyte Proteinase Inhibitor (SLPI) and Elafin, are produced locally by airway epithelial cells [START_REF] Sallenave | Regulation of secretory leukocyte proteinase inhibitor (SLPI) and elastase-specific inhibitor (ESI/elafin) in human airway epithelial cells by cytokines and neutrophilic enzymes[END_REF][START_REF] Sallenave | Secretory leukocyte proteinase inhibitor is a major leukocyte elastase inhibitor in human neutrophils[END_REF] In this context, one major aim of the work presented in this manuscript was to develop a novel molecular tool to detect protease/inhibitor imbalance. 

Disease-related proteases

Portion of disease-related proteases represents about 25 % among human proteases (Figure 4) [START_REF] Pérez-Silva | The Degradome database: expanding roles of mammalian proteases in life and disease[END_REF]. A large contribution is assessed to the serine protease family. Interestingly, immune cells express a variety of serine proteases such as granzymes in cytotoxic lymphocytes, neutrophil proteases in neutrophil granulocytes and chymase and tryptase in mast cells. Increased levels of such proteases are associated with various inflammatory disorders [START_REF] Mayer-Hamblett | Association between pulmonary function and sputum biomarkers in cystic fibrosis[END_REF]El-Gabalwy et al., 2010 ;[START_REF] Barnes | Chronic obstructive pulmonary disease[END_REF] as highlighted in the next sections. Some are strongly associated with cancers and metastasis [START_REF] Mekkawy | Involvement of Urokinase-Type Plasminogen Activator System in Cancer: An Overview: uPA SYSTEM IN CANCER[END_REF]. Beyond understanding their function in vivo during pathological processes, there is a need for pharmaceutical industry and research to examine proteases as potential diagnostic biomarkers and novel drug targets [START_REF] Turk | Targeting proteases: successes, failures and future prospects[END_REF][START_REF] Southan | A genomic perspective on human proteases[END_REF]. 

1.6.

Serine proteases as protagonists of inflammation

Multicellular organisms possess intrinsic surveillance mechanism called the immune system for their defense against harmful agents. Immune system recognizes and eliminates invaders by a process known as the immune response.

Inflammation is part of the innate defense mechanism that intervenes early to restore the homeostatic balance after aggression from numerous stimuli :

ª Infection : microorganisms (fungi, viruses, bacteria, parasites) [START_REF] Heutinck | Serine proteases of the human immune system in health and disease[END_REF].

ª
Importantly, many serine protease activities reflect the activation status of immune cells and can be used to monitor disease progression [START_REF] Mayer-Hamblett | Association between pulmonary function and sputum biomarkers in cystic fibrosis[END_REF]El-Gabalwy et al., 2010 ;[START_REF] Barnes | Chronic obstructive pulmonary disease[END_REF].

Inflammation is by nature a beneficial process. However, it can leave high aftereffects depending on the nature, aggressiveness and persistence of pathogen, the seat of inflammation, the physiological ground of the host, but also on potential defects in inflammatory regulatory processes (deficiency or hypersensitivity). All these elements condition the intensity, duration of the inflammatory response and potential favorable ground for disease establishment (Figure 5).

Inflammation can be acute or chronic. Below, I focus on the relationship between activity of serine proteases and "2.

Pulmonary inflammatory diseases" as well as "3. Pancreatitis".

Pulmonary inflammatory diseases

Pulmonary inflammatory diseases represent an example of impaired inflammatory response with harmful consequences. They include Cystic Fibrosis (CF), Chronic Obstructive Pulmonary Disease (COPD) and Acute

Respiratory Distress Syndrome (ARDS). Pulmonary inflammatory diseases constitute a major health problem and are among the leading causes of mortality and morbidity worldwide (WHO, 2016). COPD only is about to rank third as the commonest cause of death in the world [START_REF] Lopez | The global burden of disease, 1990-2020[END_REF]. That awareness had given the international health sector greater attention and a better appreciation of the importance of risk factors for human health.

2.1.

Physical and biological protective systems of lungs

The lung is the essential respiratory organ in air-breathing animals. Its principal function is to fulfill gas exchanges : transporting oxygen from the atmosphere into the bloodstream and removing carbon dioxide from the blood circulation.

In order to perform this physiological function, lungs sport a specific architecture. It consists in a complex branching pattern of the tracheobronchial tree. It is a series of branching conducting tubes, which become narrower, shorter and more numerous as they penetrate deeper in the lung (Figure 6). The tracheobronchial tree is composed of two distinct zones : the conducting airways and the respiratory ones. The conducting zone, whose function is to transport the air to the gas-exchanging regions of the lungs, is formed by the trachea which divides in the segmental bronchi, bronchioles and non-respiratory bronchioles.

The respiratory zone, where the gas-exchange occurs, begins when the terminal bronchioles divide in the respiratory bronchioles and in alveolar ducts lined with alveolar sacs, i.e., alveoli. Approximately 500 million alveoli structure the lungs [START_REF] Ochs | The Number of Alveoli in the Human Lung[END_REF]. At the end, terminal alveoli connect to the capillary network.

The delicate structure of lungs is well adapted to maximize breath and at the same time, protects body from pathogen injuries. The complex physical shape of airways constitutes the first line of defense of lungs causing a highly turbulent airflow that facilitate the deposition of pathogens followed by the physical expulsion by sneezing, coughing or swallowing. To maintain sterility in the respiratory tract and ensure protection from invading pathogens, the mucociliary clearance system is of crucial importance. Components of this system are the floating mucus, the underlying epithelium barrier with secretory and ciliated cells and the innate immune system [START_REF] Nicod | Lung defences: an overview[END_REF]. The airway epithelium is the first site of contact with inhaled agents. Epithelial cells secrete a variety of substances such as mucins, defensins, lysozyme, lactoferrin, which nonspecifically shield the respiratory tract from microbial attack [START_REF] Bals | Innate immunity in the lung: how epithelial cells fight against respiratory pathogens[END_REF]. Epithelial cells also produce mediators such as reactive oxygen radicals, cytokines and platelet-activating factors to recruit inflammatory cells on the site of inflammation [START_REF] Adler | Interactions between Respiratory Epithelial Cells and Cytokines: Relationships to Lung Inflammation[END_REF]. Apart from epithelial cells, innate immune cells are recruited including lymphocytes, neutrophils and alveolar macrophages [START_REF] Nicod | Lung defences: an overview[END_REF]. Finally, mucus is produced and moved by 

2.2.

Unbalanced inflammatory response associated with lung pathologies

In chronic pathological cases, uncontrolled inflammatory response as well as widespread proteolytic activity cause important lung damages often correlated with poor diagnosis due to a long asymptomatic phase or difficulties in treatment efficacy assessment. Among pulmonary inflammatory diseases, Chronic

Obstructive Pulmonary Disease and Cystic Fibrosis are discussed below.

Chronic Obstructive Pulmonary Disease (COPD)

2.2.1.1. Epidemiology COPD is the most common excessive inflammatory response in lungs. In 2015, 3.2 million people died from COPD worldwide, an increase of 11 % compared with 1990 [START_REF] Soriano | Global, regional, and national deaths, prevalence, disabilityadjusted life years, and years lived with disability for chronic obstructive pulmonary disease and asthma, 1990-2015: a systematic analysis for the Global Burden of Disease Study 2015[END_REF]. Cigarette smoke constitutes the main risk factor with more than 95 % cases in European countries [START_REF] Barnes | Chronic obstructive pulmonary disease: molecular and cellular mechanisms[END_REF]. Other environmental factors include second hand smoke, air pollution (dusts and chemicals), wood smoke or genetic reasons like α1-antitrypsin deficiency [START_REF] Barnes | Chronic obstructive pulmonary disease[END_REF]. Increase in the incidence of COPD is particularly prominent in women. Globally, it affects 105 million men and 70 million women. In France, COPD affects about 6 % of the population aged 15 years and over, i.e., 4 millions of people [START_REF] Giraud | Épidémiologie de la bronchopneumopathie chronique obstructive en France[END_REF].

Molecular consequences of smoking

Oxidant substances generated by smoking induce inflammation in the lungs [START_REF] Barnes | Chronic obstructive pulmonary disease[END_REF]. Neutrophil cell numbers in bronchial biopsies and induced sputum are correlated with COPD severity and with the rate of decline in lung function [START_REF] Stefano | Severity ofairflow limitation is associated with severity of airway inflam-mation in smokers[END_REF]. Neutrophil accumulation and activation at the inflamed site disrupt the local protease-antiprotease balance and trigger tissue destruction process. Neutrophils have the capacity to progressively induce a poorly reversible alveolar destruction through the attack of serine proteases and oxidants. This was supported by animal models in which tracheal administration of neutrophil proteases induces emphysema and infiltration of neutrophils [START_REF] Senior | The induction of pulmonary emphysema withhuman leukocyte elastase[END_REF]. Structurally, changes encompass bronchiolitis, fibrosis, emphysema characterized by alveolar wall destruction and loss of elasticity, and excessive mucus production due to the potent mucus stimulant neutrophil serine proteases [START_REF] Sommerhoff | Neutrophil elastase and cathepsin G stimulate secretion fromcultured bovine airway gland serous cells[END_REF]Witko-Sarsat et al., 1999 ;[START_REF] Chillappagari | Altered protease and antiprotease balance during a COPD exacerbation contributes to mucus obstruction[END_REF] finally leading to obstruction of small airways (Figure 7).

Figure 7. Histological section of small airways of a non-smoker (A) and a smoker with COPD (B).

In healthy lungs, small airways are opened by elastin fibers. In COPD, small airways are narrowed through thickening of the bronchiolar periphery wall as a result of fibrosis and disruption of alveolar attachments as a result of emphysema and luminal occlusion by mucus exudate. (Images from [START_REF] Cosio | Immunologic Aspects of Chronic Obstructive Pulmonary Disease[END_REF].

Diagnosis and severity assessment

Severity of COPD is currently classified according to GOLD (Global initiative on chronic Obstructive Lung Disease) criteria ranging from 0 (lower level) to 4 (higher level) based on deterioration of lung functions and clinical symptoms.

Spirometry is the gold standard used to define and stage COPD as it is the most reproductible, standardized and objective way of measuring airflow limitation.

It measures the maximal volume of air forcibly exhaled from the point of maximal inhalation (FVC) and the volume of air exhaled during the first second of this maneuver (FEV1). In most normal individuals, more than 70 % of the vital capacity is exhaled in the first second. A FEV1/FVC < 70 % and a postbronchodilator FEV1 < 80 % confirm airflow limitation not fully reversible [START_REF] Nathell | COPD diagnosis related to different guidelines and spirometry techniques[END_REF]. Values can be categorized as mild (FEV1 ≥ 80 %), moderate (FEV1 of 79-50 %), severe (FEV1 of 49-31 %) and very severe (FEV1 of ≤ 30 %).

There is a correlation between the number of circulating neutrophils and fall in FEV1 [START_REF] Sparrow | The relationship of the peripheral leukocyte count and cigarette smoking to pulmonary function among adult men[END_REF]. Additional investigations like anatomical imaging can be used although non-routine in clinical practice and disease is often detectable (thus, diagnosed) late in its course. Consequently, there is a need to diagnose patients more accurately and early in disease establishment [START_REF] Pauwels | Global strategy for the diagnosis, management, and prevention of chronic obstructive pulmonary disease: NHLBI/WHO Global Initiative for Chronic Obstructive Lung Disease (GOLD) Workshop summary[END_REF].

Extensive efforts are made on developing blood-or lung tissue-based molecular biomarkers [START_REF] Grunig | Challenges and Current Efforts in the Development of Biomarkers for Chronic Inflammatory and Remodeling Conditions of the Lungs[END_REF][START_REF] Zissler | Current and future biomarkers in allergic asthma[END_REF][START_REF] Millar | The pulmonary endothelium in acute respiratory distress syndrome: insights and therapeutic opportunities[END_REF] to detect COPD precocely.

Cystic fibrosis (CF)

Epidemiology and origin

A second type of pulmonary inflammatory disease is Cystic Fibrosis (CF). CF is a severe autosomal recessive genetic disorder [START_REF] Ratjen | Cystic fibrosis[END_REF] occurring about once every 2500 european births and affecting over 70 000 people worldwide.

(CFF, 2012). In France, 7000 people were diagnosed in 2015, i.e., 1 every 3 days.

Symptoms were first described in 1936 by the Swiss pediatrician, Guido Fanconi, who reported the clinical characteristics after autopsy of three children. They all presented strong bronchiectasis and exocrine pancreatic insufficiency [START_REF] Fanconi | Das coeliakiesyndrom bei angeborener zysticher pankreasfibromatose und bronchiektasien[END_REF]. Year 1989 was pivotal in the understanding of the genotype/phenotype link of CF. This year, Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) gene on chromosome 7 was identified to cause CF due to mutations [START_REF] Riordan | Identification of the cystic fibrosis gene: cloning and characterization of complementary DNA[END_REF][START_REF] Kerem | Identification of the cystic fibrosis gene: genetic analysis[END_REF]. In the subsequent protein CFTR, mutations lead to defect in synthesis, maturation, trafficking, stability, function and regulation of the ion channel. Although a number as high as 2000 mutations were reported so far, the mutation DF508 affects 80 % of CF patients [START_REF] Sosnay | Defining the disease liability of variants in the cystic fibrosis transmembrane conductance regulator gene[END_REF]. Particularly, DF508 corresponds to a deletion of phenylalanine in position 508 of the CFTR protein leading to a destabilized protein folding due to altered interdomain stability, which subjects protein to degradation in the proteasome. [START_REF] Sant | Abnormal electrolyte composition of sweat in cystic fibrosis of the pancreas[END_REF].

In lungs, CFTR allows chloride ions to exit the cell. In CF, chloride ions are no longer able to exit the cell and accumulate in the cell along with sodium that enter the cell and which transporter depends on a negative retrocontrol by CFTR. As a result, there is a higher concentration of ions inside than outside the cell. The imbalance of ion regulation depletes water content in the airway surface liquid [START_REF] Tang | Acidic pH increases airway surface liquid viscosity in cystic fibrosis[END_REF]. Dehydration raise the amount and viscosity of mucus layer making correct movement of cilia difficult entangled in the mucus.

Accumulation of mucus leads to obstruction of the airways and bronchiectasis.

Viscous mucus impedes correct neutrophil phagocytosis of bacteria [START_REF] Matsui | Reduced Three-Dimensional Motility in Dehydrated Airway Mucus Prevents Neutrophil Capture and Killing Bacteria on Airway Epithelial Surfaces[END_REF] and favors the development of biofilms [START_REF] Matsui | A physical linkage between cystic fibrosis airway surface dehydration and Pseudomonas aeruginosa biofilms[END_REF]. Pathogens such as staphylococcus aureus and Heamophilus influenza and Pseudomonas aeruginosa colonize the airways and participate to the increasing recruitment of neutrophils [START_REF] Ramsey | Management of pulmonary disease in patients with cystic fibrosis[END_REF]. Not surprisingly, neutrophil count and neutrophil protease concentrations correlate directly with disease severity [START_REF] Mayer-Hamblett | Association between pulmonary function and sputum biomarkers in cystic fibrosis[END_REF]. Computerized tomography is highly sensitive to detect early changes in lung structure and more predictive about severity than spirometry [START_REF] Daines | The Importance of Imaging in Cystic Fibrosis[END_REF]. However, its use for lifetime follow-up in young population is accompanied by an accumulation of radiation dose.

α1-antitrypsin deficiency (AATD)

α1-antitrypsin (AAT) is the common member of the inhibitor serpin family [START_REF] Ekeowa | α 1 -Antitrypsin deficiency, chronic obstructive pulmonary disease and the serpinopathies[END_REF]. AAT is a highly effective serine protease inhibitor encoded by SERPINA1. Mainly produced by the liver, it protects the lungs against proteolysis [START_REF] Morrison | Inhibitory capacity of alpha 1 antitrypsin in lung secretions: variability and the effect of drugs[END_REF].

AAT deficiency (AATD) is inherited as an autosomal codominant disorder. The incidence of AATD in newborns is similar to that of CF [START_REF] Hamosh | Comparison of the clinical manifestations of cystic fibrosis in black and white patients[END_REF].

Among the approximately 120 variant alleles described to date, the Z allele is commonly described as responsible for the most severe effects. Z-type AAT molecules polymerize within the hepatocyte, precluding secretion in the blood and causing 40-95 % lower plasmatic concentration and thus imbalance with serine protease concentration [START_REF] Stoller | A Review of α 1 -Antitrypsin Deficiency[END_REF]. Consequently, AATD predisposes to lung diseases (emphysema and bronchiectasis) or liver diseases (chronic hepatitis, cirrhosis and hepatoma) [START_REF] Silverman | Alpha1-Antitrypsin Deficiency[END_REF].

Furthermore, cigarette smoking and lung infections increase the burden and may further accelerate lung breakdown.

AATD can be diagnosed by measurement of the plasma protein level, which should be confirmed by assessing the genotype when AAT levels are below the normal range. The estimated level of plasma AAT required (10 μM) is arbitrary [START_REF] Greene | α1-Antitrypsin deficiency[END_REF]. This is why, therapy with purified α1-antitrypsin from plasma donors is used but not universally accepted. Briefly, small changes in serum AAT below 10 μM were associated with very large increases in proteolytic event size and duration, whereas large increases in serum AAT concentrations above 10 μM protect the lung from emphysema [START_REF] Campbell | Quantum proteolysis by neutrophils: implications for pulmonary emphysema in α1antitrypsin deficiency[END_REF]. Thus, AATD remains highly undiagnosed and there are often long delays between the onset of respiratory symptoms and the diagnosis [START_REF] Stoller | Delay in Diagnosis of α1-Antitrypsin Deficiency[END_REF][START_REF] Campos | Trends in the Diagnosis of Symptomatic Patients With α 1 -Antitrypsin Deficiency Between 1968 and 2003[END_REF]. Moreover, methods to assess the balance protease/inhibitor in vivo in real time diagnosis are needed for non-ambiguous diagnosis and follow up of treatment.

Polymorphonuclear neutrophil : actor in inflammatory process

A clear positive correlation exists between the number of circulating polymorphonuclear neutrophils (PMNs) and disease severity (Di Stephano et al., 1998 ;[START_REF] Mayer-Hamblett | Association between pulmonary function and sputum biomarkers in cystic fibrosis[END_REF]. In addition, analysis of sputum and Broncho Alveolar Lavages (BAL) fluids from patients with COPD and CF are known to contain massive amounts of PMNs in airways causing continuous inflammation [START_REF] Stanescu | Airways obstruction, chronic expectoration, and rapid decline of FEV1 in smokers are associated with increased levels of sputum neutrophils[END_REF][START_REF] Pesci | Inflammatory cells and mediators in bronchial lavage of patients with chronic obstructive pulmonary disease[END_REF][START_REF] Nunley | Unopposed Neutrophil Elastase in Bronchoalveolar Lavage from Transplant Recipients with Cystic Fibrosis[END_REF].

To better understand the role of proteases in lung inflammation, this section gives a special attention to PMNs and their molecular content including proteases, from their formation to their recruitment and action at inflamed sites.

Neutrophil characteristics among white blood cells

White blood cells (WBCs or leucocytes) are part of the immune system. All

WBCs have nuclei, thus distinct from other blood cells. Based on morphology, they are classified in mononuclear and polynuclear families (Figure 8). subtypes (Eosinophil, neutrophil, basophil and monocyte, lymphocyte, respectively).

Percentages correspond to the amount of each type of cell among all WBCs (data adapted from [START_REF] Goldsby | Immunologie. 4e ed[END_REF].

Polynuclear : Eosinophil (2-4%) Neutrophil (60-70%) Basophil (0.5-1%)
Mononuclear :

Monocyte (3-8%) Lymphocyte (20-25%) Erytrocyte Platelet
PMNs, simply called neutrophils, were identified a century ago by the Nobel laureate Paul Ehrlich [START_REF] Ehrlich | Histology of the Blood[END_REF]. The neutrophil is 15 µm diameter, displays a segmented nucleus in several lobes [START_REF] Indranil | Selective On/Off-Nitroxides as Radical Probes to Investigate Non-radical Enzymatic Activity by Electron Paramagnetic Resonance[END_REF][START_REF] Natacha | An Elastase Activity Reporter for Electronic Paramagnetic Resonance (EPR) and Overhauser-enhanced Magnetic Resonance Imaging (OMRI) as a Line-Shifting Nitroxide[END_REF][START_REF] Audran | Shifting-Nitroxides to Investigate Enzymatic Hydrolysis of Fatty Acids by Lipases Using Electron Paramagnetic Resonance in Turbid Media[END_REF][START_REF] Audran | Enzymatic Triggering of C-ON bond Homolysis of Alkoxyamines[END_REF] and its cytoplasm is rich in granulations which content is crucial both in physiological and pathological processes.

Neutrophil's granulopoiesis

Neutrophils are produced in the bone marrow in about two weeks, from Hemapoietic Stem Cells (HSCs) that proliferate and differentiate to mature neutrophils fully equipped with an armory of granules (Figure 9). 
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PMN diapedesis

The neutrophil transmigration cascade [START_REF] Ley | Getting to the site of inflammation: the leukocyte adhesion cascade updated[END_REF][START_REF] Vestweber | How leukocytes cross the vascular endothelium[END_REF] enables neutrophils to leave the circulation and to migrate towards inflammatory foci (Figure 11). The neutrophil-mediated inflammatory response can be regarded as a multi-step process involving the initial adhesion of circulating neutrophils to activate vascular endothelium. Neutrophils escape from the luminal endothelial cell surface by transmigration through the endothelial cell layer. Diapedesis is usually paracellular but can also occur through a transcellular way [START_REF] Carman | A transmigratory cup in leukocyte diapedesis both through individual vascular endothelial cells and between them[END_REF]. This recruitment into inflamed tissues occurs within minutes to hours and is functional for 4 days.

Figure 11. Neutrophil transmigration cascade. The multi-lobe nucleus aids neutrophil in movement through tight gaps formed between other cells or within narrow pores in

the extracellular matrix (ECM) (adapted from [START_REF] Ley | Getting to the site of inflammation: the leukocyte adhesion cascade updated[END_REF].

PMN granule subsets

The ultimate step can be described as the in situ elimination of pathogens. This final process is highly dependent on the mobilization of neutrophil cytoplasmic granules. The various subsets of neutrophil granules constitute an important reservoir of antimicrobial proteins, proteases and reactive oxygen metabolites, but also of a wide range of membrane-bound receptors for endothelial adhesion molecules, extracellular matrix proteins and soluble mediators of inflammation.

About 300 different proteins are stored in PMN granules [START_REF] Lominadze | Proteomic analysis of human neutrophil granules[END_REF], which will serve to destroy the pathogen. In most situations, widespread damage on tissues is prevented. It is the controlled mobilization of these cytoplasmic organelles that permits transformation of the neutrophil from a passively circulating cell to key effector of innate immunity (Figure 12).

Figure 12. Electron microscopical analysis of neutrophils. Quiescent (A) and chemically

activated (B) neutrophils purified from blood (adapted from [START_REF] Korkmaz | Neutrophil Elastase, Proteinase 3, and Cathepsin G as Therapeutic Targets in Human Diseases[END_REF].

Activation of neutrophils

Activation of neutrophils triggers multiple responses to eliminate pathogens [START_REF] Kolaczkowska | Neutrophil recruitment and function in health and inflammation[END_REF]. Antibacterial proteins contained inside neutrophil granules are released either in phagosomes or in the extracellular space by degranulation, thus acting either on intra-or extracellularly.

Neutrophils can also eliminate extracellular microorganisms by neutrophil extracellular traps (NETs) [START_REF] Brinkmann | Neutrophil Extracellular Traps Kill Bacteria[END_REF]. These structures are composed of chromatin, histones and granular proteins and enzymes released from neutrophil. NETs prevent pathogen dissemination by immobilizing it, but also facilitate subsequent phagocytosis of trapped microorganisms [START_REF] Papayannopoulos | Neutrophil extracellular traps in immunity and disease[END_REF]. This is the accumulation of neutrophil granule content in the extracellular space overwhelming endogenous inhibitors concentration that is extremely harmful.

Neutrophil granule classification

Different types of granules coexist and are classified with regard to their specific content in protein marker. Early-appearing granules were originally defined by their high content in the microbicidal hemoprotein myeloperoxidase (MPO)

A B

and consequently named « peroxidase-positive » [START_REF] Bainton | Origin of granules in polymorphonuclear leukocytes: two types derived from opposite faces of the Golgi complex in developing granulocytes[END_REF]. Accordingly, granules formed at later stages of myelopoiesis were peroxidase negative (Table 2).

Peroxidase-positive

Primary granules (or azurophils granules)

Peroxidase-negative

Secondary granules (or gelatinase granules)

Tertiary granules (or specific granules)

Secretory vesicles

Table 2. Neutrophil granule classification.

Neutrophil granule formation

Neutrophil granules are formed sequentially during cell differentiation (Borregaard et Cowland, 1997). In the promyelocyte stage, primary granules start to form, whereas secondary granules are formed from the myelocytic stage. At the metamyelocyte stage, tertiary granules are produced, while secretory vesicles are likely to be formed when the neutrophil is circulating in the blood (Figure 13).

Several studies have shown that proteins synthesized at a given stage of cell development typically localize to the same granules [START_REF] Borregaard | Biosynthesis of Granule Proteins in Normal Human Bone Marrow Cells. Gelatinase Is a Marker of Terminal Neutrophil Differentiation[END_REF][START_REF] Sørensen | The Human Antibacterial Cathelicidin, hCAP-18, Is Synthesized in Myelocytes and Metamyelocytes and Localized to Specific Granules in Neutrophils[END_REF][START_REF] Arnljots | Timing, targeting and sorting of azurophil granule proteins in human myeloid cells[END_REF]. Importantly, smoking has shown to have a direct stimulatory effect on granulocyte production and release from the bone marrow [START_REF] Terashima | Phagocytosis of small carbon particles (PM10) by alveolarmacrophages stimulates the release of polymorphonuclearleukocytes from bone marrow[END_REF]. Likewise, their secretion process occurs sequentially (Borregaard et Cowland, 1997 ;[START_REF] Faurschou | Neutrophil granules and secretory vesicles in inflammation[END_REF]. Secretory vesicles have the highest propensity for extracellular release, followed by tertiary granules, secondary granules and finally, primary granules [START_REF] Sengeløv | Control of exocytosis in early neutrophil activation[END_REF][START_REF] Sengeløv | Mobilization of granules and secretory vesicles during in vivo exudation of human neutrophils[END_REF] (Figure 14). 

Figure 13. Granulopoiesis during neutrophil differentiation.
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Primary granules are the largest granules (0.3 µm of diameter) packed in neutrophil. They undergo limited exocytosis in response to stimulation [START_REF] Sengeløv | Control of exocytosis in early neutrophil activation[END_REF][START_REF] Faurschou | Defensin-rich granules of human neutrophils: characterization of secretory properties[END_REF], and they are believed to contribute primarily to the killing and degradation of engulfed microorganisms that take place in the phagolysosome [START_REF] Joiner | The Opsonizing Ligand on Salmonella typhimurium Influences Incorporation of Specific, but Not Azurophil, Granule Constituents into Neutrophil Phagosomes[END_REF]. Primary granule contain four serine proteases : Proteinase-3, Cathepsin G, Neutrophil Elastase (NE) and

Neutrophil Serine Protease 4 (NSP4). Once in the extracellular compartment, they play critical roles in clearance of invading microbes [START_REF] Belaaouaj | Mice lacking neutrophil elastase reveal impaired host defense against gram negative bacterial sepsis[END_REF] and in inflammation [START_REF] Pham | Neutrophil serine proteases: specific regulators of inflammation[END_REF]. The serine proteases display proteolytic activity against a variety of extracellular matrix components, such as elastin, fibronectin, laminin, type IV collagen, and vitronectin.

If uncontrolled, NE activity is considered to be the main alveolar-destructive because of the large repertoire of substrate of the protease particularly elastin [START_REF] Qiu | Biopsy Neutrophilia, Neutrophil Chemokine and Receptor Gene Expression in Severe Exacerbations of Chronic Obstructive Pulmonary Disease[END_REF] a major lung structural protein. NE amount in neutrophils was estimated around 1 pg [START_REF] Campbell | Elastase and cathepsin G of human monocytes. Quantification of cellular content, release in response to stimuli, and heterogeneity in elastase-mediated proteolytic activity[END_REF]. In normal condition, NE expression on the cellular membrane is minimal and the release is basal (4 %). Increased membrane and extracellular levels are associated with various inflammatory disorders. In CF, concentrations of active NE in the epithelial lining fluid are in the range of 2 μM [START_REF] Konstan | Bronchoalveolar lavage findings in cystic fibrosis patients with stable, clinically mild lung disease suggest ongoing infection and inflammation[END_REF]. Moreover, NE aggravates neutrophilic inflammation by upregulating epithelial expression of a major neutrophil chemokine, IL-8 [START_REF] Devaney | Neutrophil elastase up-regulates interleukin-8 via toll-like receptor 4[END_REF][START_REF] Lee | Neutrophil Elastase Differentially Regulates Interleukin 8 (IL-8) and Vascular Endothelial Growth Factor (VEGF) Production by Cigarette Smoke Extract[END_REF] resulting in a selfperpetuating cycle of inflammation. NE contributes to CF by activating the apical epithelial sodium channel which increases sodium uptake [START_REF] Caldwell | Neutrophil elastase activates near-silent epithelial Na+ channelsand increases airway epithelial Na+ transport[END_REF].

Mice model study suggested that elastase play important role in emphysema [START_REF] Belaaouaj | Mice lacking neutrophil elastase reveal impaired host defense against gram negative bacterial sepsis[END_REF], further study suggest that NE has a role in pathogenesis of COPD by enhancing inflammation and apoptosis [START_REF] Belaaouaj | Mice lacking neutrophil elastase reveal impaired host defense against gram negative bacterial sepsis[END_REF][START_REF] Qiu | Biopsy Neutrophilia, Neutrophil Chemokine and Receptor Gene Expression in Severe Exacerbations of Chronic Obstructive Pulmonary Disease[END_REF]. This strong correlation between NE activity and disease progression has tempted researchers to investigate the usage of NE as biomarker to diagnose, monitor and image the inflammation. However, preclinical research to setup such protocols is impaired by the absence of a reliable imaging method to localize deleterious enzyme activities in order to assess the actual protease/antiprotease balance status before and after treatment.

Pancreatitis

A variety of disorders of the pancreas exist. They include acute pancreatitis, chronic pancreatitis, pancreatic cancer and hereditary pancreatitis.

History sadly offers many examples of pancreas disorders cases. Nowadays, pancreatic disorders occur in more than 10 % of the world population [START_REF] Yadav | The Epidemiology of Pancreatitis and Pancreatic Cancer[END_REF].

In this section, pancreatic functions in healthy conditions will be detailed. Particular attention will be given to acute as well as chronic pancreatitis.

3.1.

Functional morphology of the pancreas

Anatomy

The pancreas, named from the greek words "pan" (all) and "kreas" (flesh), is a long organ (≈ 15 cm) located behind the stomach in the abdomen. It is surrounded by the small intestine (i.e., the duodenum part), the liver and the spleen. The pancreas is described as a yellow color organ with lobules separated by conjunctive and fat tissues (Figure 15). The wide part, called the head, is located at the juncture where the stomach meets the duodenum. The head lies within a C-shape curve created by the duodenum and is connected to the intestinal tract by two ducts. First, the pancreatic secondary duct of Santorini which drains the upper head (not represented on Figure 15) ; and the main pancreatic duct of Wirsung, which runs the length of the pancreas from the tail to the head. The main pancreatic duct unites with the common bile duct, forming the hepatopancreatic ampulla of Vater. Pancreatic secretions into the duodenum are controlled by a muscular valve, the sphincter of Oddi. in the secretion of pancreatic hormones (adapted from [START_REF] Kleeff | Chronic pancreatitis[END_REF].

Physiological functions

The pancreas is characterized by the coexistence of two different cellular populations : the endocrine and the exocrine cells (Figure 15). The majority of the pancreas consists in exocrine tissue (90 %) that synthetizes and secretes digestive enzymes. The remaining tissue (10 %) presents endocrine cells that produces and secretes hormones involved in energetic metabolism and carbohydrate storage.

Endocrine pancreatic secretion

Endocrine cells are grouped in clusters called islets of Langerhans. These clusters of cells look like grapes, scattered within the pancreatic tissue and associated with capillaries. Endocrine pancreas regulates carbohydrate homeostasis [START_REF] Bakhti | Modelling the endocrine pancreas in health and disease[END_REF]. Cell types in islets can synthesize specific hormones. ß-cells secret insulin, whereas α-cells secret glucagon. Insulin act as a hypoglycemic hormone : it increases the peripheral use of glucose and inhibits the hepatic production of glucose in glycogenolysis and neoglucogenesis.

Glucagon is freed into the bloodstream to answer a decrease of the glycemia. 

Exocrine pancreatic secretion

The exocrine pancreas is the tissue with the highest protein synthesis rate of all the human body. It consists in acinar and ductal cells. Together, they participate to the formation of pancreatic juice (≈ 1 L/day). This liquid, colorless, odorless, alkaline (pH ≈ 8), results from two different secretory mechanisms, electrolytic and enzymatic, for optimal break down of the food.

Enzymatic secretion

The exocrine compartment is composed of about a million of "berry-like" clusters of acinar cells. Approximatively 40 acinar cells are arranged in a spherical unit called an acinus. The primary function of the exocrine pancreas is the production and secretion of digestive enzymes. Inside each acinar cell, the proteolytic synthesis ends in an accumulation of proteases before being released in the pancreatic duct by exocytosis, secondarily activated in the duodenum.

Exocrine pancreatic secretion is needed for the digestion of macromolecules.

Trypsin is a key precursor of protein digestion, α-Amylase cleaves carbohydrates and Lipases catalyze the degradation of lipids in the small intestine.

Electrolytic secretion

With a pancreatic juice pH between 8.2 and 8.4, digestive enzyme action is optimal in the intestinal lumen. This pH is regulated by a high bicarbonate ion concentration secreted by ductal cells. Transport of HCO3 -molecules through the apical membrane of ductal cells is a complex mechanism which includes an anion exchanger Cl -/HCO3 -, the chloride channel CFTR and aquaporins. This production serves three important functions : neutralization of gastric acid, facility of pancreatic enzymes transport toward the duodenum and optimization of enzyme activity.

Regulation of the exocrine pancreatic secretion

The regulation of the exocrine secretion is mainly under the dependence of two hormones : the secretin and the cholecystokinin. Secretin is produced and released by enteroendocrine S cells in response to increased intraluminal acidity typical after a meal, when pH falls below 4.5 [START_REF] Chey | Secretin, 100 years later[END_REF]. The principal action occurs on the electrolytic secretion. Secretin is a powerful stimulant of ductal cells to produce bicarbonate-rich fluid making then optimal pH for digestion. On the other hand, cholecystokinin (CCK) stimulates the secretion of the pancreatic enzymes [START_REF] Liddle | Regulation of cholecystokinin secretion by intraluminal releasing factors[END_REF]. CCK is secreted by duodenal endocrine I cells and released in blood vessel in response to fatty acids or amino acids detection after gastric digestion. CCK acts on acini and leads in exocytosis of zymogen granules contents. CCK acts also on the gallbladder by stimulating its contraction allowing to have biliary salts quickly available in the digestive tract for lipid emulsion. Both secretin and CCK have a negative effect on gastric motricity and a stimulating action on the exocrine pancreas, via electrolytic secretion and enzymatic secretion, respectively. The purpose is to make digestion and absorption optimal.

Protective mechanisms

Pancreatic enzymes have the potential to cause fatal cellular damage, but redundant physiological protective mechanisms exist to protect the pancreas itself. All those mechanisms are listed below and illustrated in Figure 16. Particularly, Cathepsin B containing inside lysosomes are known to have harmful consequences when not isolated correctly from others cellular compartments. Zymogen early-activation (pancreatitis) will be explained later.

Physiological inhibitors are co-produced in acinar cells

Pancreatic secretory trypsin inhibitor (PSTI), also named Pancreatic serine protease inhibitor Kazal type 1 (SPINK1) is produced by acinar cell and packed in the same granules as digestive enzymes and protect the intestinal mucosa from proteolysis [START_REF] Longnecker | Pathology and pathogenesis of diseases of the pancreas[END_REF]. SPINK1 operates as a potent inhibitor of trypsin activity. In addition, if released into the systemic circulation, pancreatic proteases will not be active due to binding to plasma protease inhibitors (Table 1) [START_REF] Aubry | A kinetic study of the inhibition of human and bovine trypsins and chymotrypsins by the inter-alpha-inhibitor from human plasma[END_REF].

Enzymes are secreted under an inactive form and then restrictively activated

The potentially harmful digestive enzymes are present in pancreatic duct as zymogens. Key among them is trypsinogen. Under healthy conditions, the activation of trypsinogen occurs only when it reaches the duodenum. In the intestinal lumen, trypsinogen is cleaved, generating the active trypsin by a specific duodenal enzyme : the enterokinase. Trypsin is then capable of autoactivation but it can also activate other pancreatic enzymes in cascade to collectively perform nutriment digestion (Figure 17). It can be noticed, however, that enzymes as triglyceride-lipase or α-amylase are secreted in an active form. 

3.2.

Acute pancreatitis

Acute pancreatitis (AP) is a process characterized by sudden and intense fibrosis and autodigestion of the pancreas, generally reversible, that frequently involves peripancreatic tissues and/or remote organ systems [START_REF] Carroll | Acute Pancreatitis: Diagnosis, Prognosis, and Treatment[END_REF]. If not treated, AP can potentially be a fatal disease which typically begins with the onset of severe abdominal pain. The severity spectrum of AP ranges from mild to a fulminant and fatal systemic inflammatory response syndrome (SIRS). Mild acute pancreatitis has a very low mortality rate, whereas the death rate for severe acute pancreatitis can be over 30 % [START_REF] Carroll | Acute Pancreatitis: Diagnosis, Prognosis, and Treatment[END_REF].

Etiological factors

The two most common etiological factors are excess alcohol consumption and gallstones [START_REF] Nordback | The Recurrence of Acute Alcohol-Associated Pancreatitis Can Be Reduced: A Randomized Controlled Trial[END_REF][START_REF] Venneman | Small Gallstones Are Associated with Increased Risk of Acute Pancreatitis: Potential Benefits of Prophylactic Cholecystectomy?[END_REF]. Taking together, alcohol abuse and gallstones account for over 80 % of all cases of acute pancreatitis. Other causes of acute pancreatitis include structural abnormalities, ampulla or ductal obstruction, trauma, drugs, toxins, infections, ischemia and genetic causes (e.g., trypsinogen mutations, CF) [START_REF] Spanier | Epidemiology, aetiology and outcome of acute and chronic pancreatitis: An update[END_REF]. For example, it can be noted that genetic mutations in the trypsinogen gene or in the related pancreatic secretory trypsin inhibitor gene, can results in persistent tryptic activity.

The co-localization hypothesis

Despite the disparate list of etiological factors, AP patients display a common pathophysiological mechanism. Hans Chiari, Professor of pathology in Prague, postulated for the first time in 1896, that the underlying pathological mechanism of acute pancreatic was pancreatic autodigestion, meaning that the pancreas « succumbs to its own digestive properties » [START_REF] Chiari | Über die Selbstverdauung des menschlichen Pankreas[END_REF] . Although not fully understood yet, significant progress has been achieved in understanding this mechanism. Many studies recognize the « co-localization hypothesis » [START_REF] Rinderknecht | Activation of pancreatic zymogens: Normal activation, premature intrapancreatic activation, protective mechanisms against inappropriate activation[END_REF][START_REF] Acker | Co-localization hypothesis: A mechanism for the intrapancreatic activation of digestive enzymes during the early phases of acute pancreatitis[END_REF][START_REF] Talukdar | Release of Cathepsin B in Cytosol Causes Cell Death in Acute Pancreatitis[END_REF]. In physiological situation, the digestive zymogens and the lysosomal hydrolases (Cathepsin B) are found separately in distinct organelles. According to this theory, in pathological situation, digestive zymogens are activated by lysosomal hydrolase when the two classes of substances become improperly colocalized in a vacuolar structure within the pancreatic acinar cell (Figure 18). Although most cases of acute pancreatitis do not present complications and resolve spontaneously, the presence of aftereffects has significant prognostic importance. Recurrent AP is a clinical problem and often represents a continuum with chronic pancreatitis.

3.3.

Chronic pancreatitis

Chronic pancreatitis (CP) is defined as a pathological auto-digestion of the pancreas and fibro-inflammatory syndrome that leads to persistent and irreversible morphological and functional changes of the pancreas (Kleeff et al., Epidemiological data of CP has been less often reported than for AP. Indeed, this last is more common and accounts for the major proportion of morbidity among pancreatic diseases. Another explanation may be that diagnosis of CP is more difficult to establish [START_REF] Spanier | Epidemiology, aetiology and outcome of acute and chronic pancreatitis: An update[END_REF]. However, in France, the incidence of was estimated between 5 and 14 people per 100,000 [START_REF] Lévy | Estimation of the prevalence and incidence of chronic pancreatitis and its complications[END_REF].

As in AP, alcohol abuse is the major etiological factor accounting for approximately 70 % -80 % of all cases [START_REF] Spanier | Epidemiology, aetiology and outcome of acute and chronic pancreatitis: An update[END_REF]. Risks of CP clearly increase with levels of alcohol consumption [START_REF] Samokhvalov | Alcohol Consumption as a Risk Factor for Acute and Chronic Pancreatitis: A Systematic Review and a Series of Meta-analyses[END_REF].

Furthermore, cessation of alcohol after AP decreases the likelihood of progressing to recurrent AP or CP. About 20 % of cases are considered to relate to idiopathic pancreatitis (TIGARO). Studies both in children with idiopathic pancreatitis and adult alcoholic/idiopathic chronic pancreatitis, suggests an important role of SPINK1 gene as a predisposing factor in adult chronic pancreatitis [START_REF] Witt | Mutations in the gene encoding the serine protease inhibitor, Kazal type 1 are associated with chronic pancreatitis[END_REF][START_REF] Drenth | Mutations in serine protease inhibitor Kazal type 1 are strongly associated with chronic pancreatitis[END_REF]. Mutations in the CTRC gene encoding the digestive enzyme Chymotrypsin C have been shown to increase the risk of CP [START_REF] Zhou | Chymotrypsin C mutations in chronic pancreatitis: Chymotrypsin C mutations in pancreatitis[END_REF].

3.4.

Pancreatic function testing

Pancreatitis involves important exocrine dysfunctions and in the most severe cases, infected necrosis events to pancreatic cancer [START_REF] Lowenfels | Pancreatitis and the risk of pancreatic cancer. Interna-tional Pancreatitis Study Group[END_REF]. Thus, a diagnosis as early as possible is crutial. Most reliable severity scoring systems combine clinical, imaging and functional criteria. A repeated evaluation of disease severity is important since the condition is unstable especially during the early stages. A major difficulty in pancreatitis diagnosis lies in that many of the features of the disease overlap with those of other disorders. Upper abdominal pain is, for example, characteristic of several other acute disorders such as gastric and duodenal ulcers, cholecystitis, cholangitis, etc. Thus, pancreatic function tests must be performed to verify the suspected clinical diagnosis and to determine the severity of the pancreatitis, particularly important in CP. A direct way is to measure pancreatic secretory capacity after administration of a secretagogue (Secretin or CCK) [START_REF] Lankisch | Exocrine pancreatic function tests[END_REF]. Nevertheless, non-invasive measurement of trypsinogen in serum is more largely performed. However, this method was shown to be reliable only when serum trypsinogen levels were high, thus in advanced pancreatitis [START_REF] Jacobson | Trypsin-like Immunoreactivity as a Test for Pancreatic Insufficiency[END_REF]. The most relevant methods are those who determine pancreatic proteases directly from stool. They are based either on pancreatic elastase [START_REF] Loser | Faecal elastase 1: a novel, highly sensitive, and specific tubeless pancreatic function test[END_REF] either on chymotrypsin activity measurement [START_REF] Goldberg | Proteases in the evaluation of pancreatic function and pancreatic disease[END_REF]. Both are reliable tests for moderate to severe pancreatitis insufficiency, but not for early stages. Thus, even if pancreatic elastase and chymotrypsin are potential biomarkers currently no clinical methods exist for early diagnosis of pancreatitis.

Proteases in cancers and metastasis

Cancer is still one of the deadliest diseases in the world. It constitutes a major burden with 8.2 million of death (160 000 in France), 14.1 million new cases of worldwide cancer (380 000 in France) in 2014 and an incidence rates projected to increase by + 68 % until 2030 [START_REF] Mathers | Projections of Global Mortality and Burden of Disease from 2002 to 2030[END_REF].

4.1.

Tumor development

Diagnosing and treating cancer at the very early stage is crucial to give patients the best chance of surviving the disease (Department of Health, 2011). Continual improvements in diagnostic processes are needed to minimize the proportion of patients with advanced metastatic development. Metastasis genesis is the result of a series of steps which make a neoplastic cell to disseminate and spread from one organ to another [START_REF] Lambert | Emerging Biological Principles of Metastasis[END_REF]. That process can be divided in four main steps as illustrated bellow (Figure 19). Tumor progression and dissemination is characterized by the expression of novel functional competences including self-sufficiency in growth factors, evasion of apoptosis, limitless replicative potential, sustained angiogenesis and tissue invasion and metastasis [START_REF] Hanahan | Hallmarks of Cancer: The Next Generation[END_REF].
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Figure 19. The invasion metastasis cascade. First, cells grow as a primary tumor in the epithelium [START_REF] Natacha | Neutrophil Elastase Activity Imaging: Recent Approaches in the Design and Applications of Activity-Based Probes and Substrate-Based Probes[END_REF], and proliferate by a strong angiogenesis system [START_REF] Indranil | Selective On/Off-Nitroxides as Radical Probes to Investigate Non-radical Enzymatic Activity by Electron Paramagnetic Resonance[END_REF]. Genetic alterations allow them to break through the basement membrane, then travel through the extracellular matrix and enter the bloodstream (intravasation) and invade the capillary [START_REF] Natacha | An Elastase Activity Reporter for Electronic Paramagnetic Resonance (EPR) and Overhauser-enhanced Magnetic Resonance Imaging (OMRI) as a Line-Shifting Nitroxide[END_REF]. Once cancer cells adhere to the blood vessel, they escape by extravasation and proliferate in the new environment at this distant site and form lethal metastases [START_REF] Audran | Shifting-Nitroxides to Investigate Enzymatic Hydrolysis of Fatty Acids by Lipases Using Electron Paramagnetic Resonance in Turbid Media[END_REF] (adapted from López-Otín et Matrisian, 2007).

4.2.

Underlying proteolytic enzyme network in cancers

Growth and migration of cancer from a primary tumor to a site of metastasis depend on a series of complex biological steps. Those processes require the ability of cells to penetrate surrounding tissues, to degrade and to remodel them.

Tumor cell invasion implies the dissolution of extracellular matrix (ECM) and passage of malignant cells through the vascular basement membrane (Figure 20).

In particular, matrix metalloproteinase (MMP) family composed of 23 human enzymes has been extensively studied because of MMPs potent ability to degrade EMC components and association with cancer [START_REF] Kessenbrock | Matrix Metalloproteinases: Regulators of the Tumor Microenvironment[END_REF]. However, recent findings have revealed that function of proteases in cancers are not limited to EMC digestion by MMPs. All catalytic classes are implicated in a significantly more complex pattern [START_REF] Mohamed | multifunctional enzymes in cancer[END_REF][START_REF] López-Otín | The regulatory crosstalk between kinases and proteases in cancer[END_REF]. Thus, apart from MMPs many other proteases are known to largely influence every step in the invasion-metastasis cascade [START_REF] Dudani | Harnessing Protease Activity to Improve Cancer Care[END_REF][START_REF] Hanahan | Hallmarks of Cancer: The Next Generation[END_REF]. Proteases involve in cancer are collectively part of a vast network. Figure 21 illustrates how proteases may interact and activate each other through proteolytic cascades that collectively lead to all hallmarks of cancer [START_REF] Hanahan | Hallmarks of Cancer: The Next Generation[END_REF]. This network has multiple entry points, with strong and multidirectional interactions that can amplify any signal. Several proteases occupy central hubs and function as key mediator of proteolytic activity. The cysteine protease cathepsin B is one of the most prominent proteases in proteolytic network and is upregulated in many tumor microenvironments [START_REF] Sloane | Cathepsin B and tumor proteolysis: contribution of the tumor microenvironment[END_REF]. Increased activity of cathepsin B is seen in breast, colorectal, gastric, lung and prostate carcinomas, gliomas and melanomas [START_REF] Koblinski | Unraveling the role of proteases in cancer[END_REF]. Cathepsin B has been shown to participate in the dissolution and remodeling of connective tissue and basement membrane in the processes of tumor growth, invasion, and metastasis [START_REF] Joyce | Multiple Roles for Cysteine Cathepsins in Cancer[END_REF]. Pro-cathepsin B can be activated by cathepsin D, tissue-type plasminogen activator (tPA), urokinasetype plasminogen activator (uPA), cathepsin G and elastases [START_REF] Dalet-Fumeron | In vitro activation of pro-cathepsin B by three serine proteinases: leucocyte elastase, cathepsin G, and the urokinase-type plasminogen activator[END_REF]. Cathepsin B may also activate pro-uPA, which in turn can convert plasminogen into plasmin, found critical for cell escape process [START_REF] Bekes | Activation of Pro-uPA Is Critical for Initial Escape from the Primary Tumor and Hematogenous Dissemination of Human Carcinoma Cells[END_REF]. Plasmin is capable of degrading EMC components (e.g., fibrin, fibronectin, proteoglycans and laminin) and may activate MMPs such as interstitial collagenase (MMP-1), stromelysin-1 (MMP-3), gelatinase B (MMP-9), metalloelastase (MMP-12) and collagenase-3 (MMP-13). As a result, focus on various molecules as potential prognostic and diagnostic markers of cancer have been developed during the latest decades. 

uPA : a prominent actor in cancer

Known for its ability to activate plasminogen, urokinase attracts attention for its prominent location in proteolytic network.

The interest in uPA

The activation of plasminogen is achieved by two types of proteases : tPA and uPA. Focus is given to uPA for two reasons. First, data accumulated over the years have made clear that only the uPA system is primarily involved in the degradation of ECM during tissue remodeling process [START_REF] Duffy | The Urokinase Plasminogen Activator System: Role in Malignancy[END_REF][START_REF] Choong | Urokinase Plasminogen Activator System: A Multifunctional Role in Tumor Progression and Metastasis[END_REF], while tPA plays its major role in thrombolysis [START_REF] O'rourke | Distribution of sympathetic tissue plasminogen activator (tPA) to a distant microvasculature[END_REF].

Second, several types of cancer, including lung, prostate, ovarian, pancreatic, colorectal and gastric cancer showed a strong positive correlation between the over-expression of uPA system components and tumor aggressiveness and survival [START_REF] Mekkawy | Involvement of Urokinase-Type Plasminogen Activator System in Cancer: An Overview: uPA SYSTEM IN CANCER[END_REF]. This is particularly evident in breast cancer, for which uPA has been validated as clinical biomarker of prognosis. [START_REF] Ulisse | The Urokinase Plasminogen Activator System: A Target for Anti-Cancer Therapy[END_REF][START_REF] Annecke | uPA and PAI-1 In Breast Cancer: Review Of Their Clinical Utility And Current Validation[END_REF][START_REF] Look | Pooled analysis of prognostic impact of urokinase-type plasminogen activator and its inhibitor PAI-1 in 8377 breast cancer patients[END_REF][START_REF] Duffy | uPA and PAI-1 as biomarkers in breast cancer: validated for clinical use in level-ofevidence-1 studies[END_REF]. Determination of uPA levels is currently done using standardized enzyme-linked immunosorbent assays (ELISAs). However, this method lacks the ability to discriminate between active and inactive uPA [START_REF] Benraad | Immunoassays (ELISA) of urokinase-type plasminogen activator (uPA): report of an EORTC/BIOMED-1 workshop[END_REF].

The urokinase plasminogen activator system (uPAS)

uPA takes part of an extracellular proteolytic cascade called the urokinase plasminogen activator system (uPAS). It consists of uPA, its receptor (uPAR) and two specific inhibitors, the plasminogen activator inhibitor 1 (PAI-1) and 2 (PAI-2) (Ye et Goldsmith, 2001) (Figure 22). Because of it association with the external surface of the plasma membrane by a glycosyl phosphatidylinositol (GPI) anchor1, uPAR localizes uPA and pro-uPA at cell surface.

The activation of pro-uPA

uPA is released as an inactive single polypeptide chain, pro-uPA, which is converted into active two-chain [START_REF] Petersen | One-chain Urokinase-type Plasminogen Activator froHmuman Sarcoma CellsIs a Proenzyme with Little or No Intrinsic Activity[END_REF]. Activation can be carried out by plasmin or by cathepsin B. Concomitant cell surface binding, via uPAR, of pro-uPA and plasminogen gives a strong enhancement of plasmin generation by increasing their mutual activation [START_REF] Ellis | Plasminogen Activation by Receptor-Bound Urokinase[END_REF].

Plasminogen activation

Plasminogen is a 90 kDa glycoprotein secreted by the liver. On its active form, it is essential for the degradation and clearance of fibrin blood clots (fibrinolysis) and activates matrix metalloproteases (MMPs), such as MMP3, MMP9, MMP12 and MMP13 [START_REF] Carmeliet | Urokinase-generated plasmin activates matrix metalloproteinases during aneurysm formation[END_REF][START_REF] Ramos-De Simone | Activation of Matrix Metalloproteinase-9 (MMP-9) via a Converging Plasmin/Stromelysin-1 Cascade Enhances Tumor Cell Invasion[END_REF] as well as growth factors (Figure 22). It contributes to both physiological and pathological tissue remodeling, embryogenesis and inflammation [START_REF] Mantovani | Cancer-related inflammation[END_REF]. In this second point of the introduction part, I describe the structural and functional features of these potential biomarkers and drug targets that drive the hydrolysis catalysis in a substrate-specific manner.

Structure of Chymotrypsin-like serine proteases

Chymotrypsin-like serine proteases are organized in two perpendicular β-barrel domains, each formed by six antiparallel β-strands. The catalytic residues and the substrate binding site are located in the space between the β-barrels (Figure 23). C-terminal amino acids are organized in α-helix. In several cases, a segment connecting the two barrels is also in the form of an α-helix. This common structure can be detailed above and divides in catalytic, substrate recognition and zymogen activation domain components. acid required for the orientation of the imidazolium ring of the histidine [START_REF] Hedstrom | Serine Protease Mechanism and Specificity[END_REF]. Taken together, they form a charge relay system commonly referred as "catalytic triad" [START_REF] Blow | The tortuous story of Asp… His… Ser: Structural analysis of αchymotrypsin[END_REF]. This triad is composed of His57, Asp102

and Ser195 in that specific order and position in enzyme primary sequence. The special alignment of those three residues facilitates the transfer of protons into and out of the active site (Figure 24). Ser195 is the residue that react with the scissile peptide bond of the substrate, whereas His57, the base, and Asp102, the acid, contributes to make Ser195 more reactive. 

The oxyanion hole

Chymotrypsin-like serine proteases also contain an oxyanion hole that forms a pocket with positive charge that activates the carbonyl of the scissile peptide bond and stabilizes the tetrahedral intermediate anion formed during proteolysis (Figure 25). Additionally, it may allow insertion and positioning of the substrate. This pocket consists of the backbones of Glycine193 and Serine195 [START_REF] Hedstrom | Serine Protease Mechanism and Specificity[END_REF]. [START_REF] Hedstrom | Serine Protease Mechanism and Specificity[END_REF].

Consequently, the kinetic of reaction can be described as three steps :

(1) binding ( 2) acylation and (3) deacetylation, each described by velocity constants k1 and k-1, k2 and k3, respectively (Figure 27).

Figure 27. Kinetic mechanism of chymotrypsin-like serine protease reaction.

Velocity constants define Michaelis-Menten parameters helpful in the description of every enzyme/substrate couple. Such parameters firstly consist in KM (Michaelis constant), a constant only partially related to the affinity of the enzyme for the substrate. Indeed, we notice here that since a reactional intermediate is present, KM can no longer be described as only a binding constant. Low values of KM could reflect high values of k2 rather than high substrate affinity. Secondly, the turnover number kcat (catalytic constant) reveals the number of catalytic cycles that each enzyme active site undergoes per unit of time. Finally, the ratio of those two terms (kcat/KM) describes the catalytic efficiency reflecting both binding and catalytic events.

The substrate recognition site

In addition to the conserved amino acid residues forming the active site, enzymes possess variable regions which are the basis for substrate discrimination.

Specificity defines the preference that an enzyme manifests for one substrate over competing substrates. Enzymes have varying degrees of specificity. Some have absolute specificity for one substrate, while others react with substrates with similar functional groups. Structural studies show that active site of serine protease is commonly located in a groove on the surface between adjacent βbarrel domains [START_REF] Tyndall | Proteases Universally Recognize Beta Strands In Their Active Sites[END_REF]. Substrate specificity is dictated by the properties of binding subsites arranged along the groove on both sides of the catalytic site. The nature of amino acid residues governs the recognition and proper alignment of the substrate prior to the hydrolysis of the peptide bond.

Substantial efforts have been done in the development of peptide-based technologies to determine protease substrate specificity (Ivry et al., 2017). These two decades, such process has been transformed by the development of large and highly diverse peptide libraries or combinatorial chemistry. Among them, a multiplex substrate profiling method has been developed to reveal substrate specificity of peptidases by LC-MS/MS (Liquid Chromatography-tandem Mass Spectrometry) sequencing [START_REF] O'donoghue | Global identification of peptidase specificity by multiplex substrate profiling[END_REF]. The information obtained through these approaches can be used for a number of useful applications. As an example, highly selective substrates can be designed so that they enable the realtime monitoring of proteolysis in vitro and in vivo. Peptide substrates also can be converted into specific protease inhibitors through coupling to an electrophilic warhead for disease treatment.

Specificity-subsites topology

The action of enzymes on substrates was first explained using the lock and key analogy postulated in 1894 by Emil Fischer [START_REF] Fischer | Einfluss der Configuration auf die Wirkung der Enzyme[END_REF]. In this analogy, the lock is the enzyme and the key is the substrate. Only the correctly sized key fits into the key hole (active site) of the lock. Smaller keys, larger keys or incorrectly positioned teeth on keys do not fit into the lock. The active site has a unique geometric shape that must be complementary to the geometric shape of a substrate molecule. Nowadays, a much more dynamic model is accepted. The induced fit model is a development of the lock and key analogy and assumes that an active site is flexible and changes shape until the substrate is completely bound. This model is similar to a person wearing a glove : the glove changes shape to fit the hand.

Serine protease specificity is determined by the topology of the substrate binding site adjacent to the catalytic site. A well-known model system was introduced by Berger & [START_REF] Schechter | On the size of the active site in proteases. I. Papain[END_REF]). An enzyme catalytic site is considered to be flanked on both sides by subsites, each enable to accommodate the side chain of a single amino acid residue on the substrate. This nomenclature defines a linear topology of the interactions between a protease and a substrate.

Enzyme subsites are numbered from the catalytic site, S1, S2…Sn towards the extremity N-terminus of the substrate, and S'1, S'2…S'n towards the C-terminus extremity. The residues they accommodate are numbered P1, P2…Pn and P'1, P'2…P'n respectively (Figure 28). 

The S1 subsite

Investigations of serine protease specificity have generally focused on the P1 amino acid residue since substrate specificity of serine proteases is usually strong at their P1-S1 interaction site. The use of a high variety of proteolytic, synthetic chromogenic or fluorogenic substrates allowed to distinguish proteases in three major groups of different specificity : trypsin-like (basic residue in P1), chymotrypsin-like (aromatic residue in P1) or elastase-like (small hydrophobic residue in P1). Table 3 describes suitable amino acid residues in P1 subsite for efficient substrate binding according to the subclass of serine proteases. Table 3. Amino acid residues with high P1 specificity for various chymotrypsin-like serine proteases (from MEROPS Database).

The S2-Sn and S1'-Sn' subsites

Protease/substrate interactions extend beyond the S1 site and can involve one or more binding pocket. The binding site composition allows the substrate to bind and orients it for catalysis. In addition, the S1' -Sn' sites are sometimes overlooked due to the prevalence of assay using substrates with chromogenic leaving groups (cf. III. Proteolysis activity detection and molecular imaging).

The zymogen activation domain

Chymotrypsin-like serine proteases are synthetized as inactive precursors, i.e., zymogens, with a N-and C-terminal extensions (Figure 29). They undergo three subsequent proteolytic modifications to be converted into the mature form. First, the N-terminus signal peptide is cleaved by a signal peptidase during translocation into the endoplasmic reticulum. The size of N-terminal segments ranges from dipeptide to independently folding domains comprising more than 100 residues. Then, the liberated amino-terminal prodipeptide is in turn removed by Cathepsin C, trypsin or enterokinase. Its removal allows a change in conformation including an aspartic acid residue (Figure 30) and making the active-site pocket accessible to substrate and inhibitors [START_REF] Khan | Molecular mechanisms for the conversion of zymogens to active proteolytic enzymes[END_REF]. The Cterminus tail is excised but its function remains not clearly understood. Serine Protease 4 (NSP4) are the four serine proteases expressed and stored by neutrophils. As seen before, they are released from primary granules toward extracellular environment after inflammatory stimuli to perform proteolysis.

NSP discovery

Although the activity of neutrophil proteases had been described early in the 20 th century, the first serine protease, NE was identified in 1968 [START_REF] Janoff | Mediators of inflammation in leukocyte lysosomes[END_REF]. Subsequently, another protease with activity on chymotrypsin substrates was described [START_REF] Starkey | Human cathepsin G. Catalytic and immunological properties[END_REF]) and called "Cathepsin G". A third protease, "myeloblastin," was first identified in 1978 and more extensively characterized 10 years later. This name was originally used by [START_REF] Bories | Downregulation of a serine protease, myeloblastin, causes growth arrest and differentiation of promyelocytic leukemia cells[END_REF] to describe a serine protease in promyelocytic leukemia cells HL-60. It was subsequently shown that myeloblastin was identical to a protease known independently as "Proteinase 3" that had been studied for its role in emphysema.

The same molecule had been also described as a protein with antimicrobial activity and called "Azurophilic granule protein 7" before finally became uniformly referred as "Proteinase 3." Recently, a new member was identified as the fourth NSP member and subsequently referred to as Neutrophil serine protease 4 (NSP4) [START_REF] Perera | NSP4, an elastase-related protease in human neutrophils with arginine specificity[END_REF].

Genomics

Gene encoding human NE (ELANE) is localized in the terminal region of the short arm of chromosome 19p13.3 in the same cluster as PR3 (PRTN3) and azurocidin (AZU) [START_REF] Zimmer | Three human elastase-like genes coordinately expressed in the myelomonocyte lineage are organized as a single genetic locus on l9pter[END_REF]. Gene encoding NSP4 (PRSS57) is also located on chromosome 19p13.3 but outside of the AZU-PRTN3-ELANE cluster.

Gene encoding CG (CTSG) is located on chromosome 14q11.2 [START_REF] Hohn | Genomic organization and chromosomal localization of the human cathepsin G gene[END_REF].

Those genes consist of five exons and four introns.

Proteomics

The four NSPs are synthetized under inactive form (zymogen), constituted by a N-terminal signal peptide, a prodipeptide and a C-terminal extension cleaved sequentially to give a mature protease (Figure 31) [START_REF] Khan | Molecular mechanisms for the conversion of zymogens to active proteolytic enzymes[END_REF]. Mature proteases are then stored under an active form into primary granules. They possess a degree of identity ranging from 36 to 55 % (Table 4). 4. Percentage of identity in the primary sequences of mature NSPs.

Neutrophil elastase, NE

Mature NE (EC. 3.4.21.37) is a glycoprotein of 218 amino acids (29-33 kDa), stabilized by four disulfide bridges (Cys26-Cys42, Cys122-Cys179, Cys132-Cys158 and Cys169-Cys194) [START_REF] Sinha | Primary structure of human neutrophil elastase[END_REF]. It contains two sites of N-glycosylation on residues Asn109 and Asn159. NE contains 19 basic residues for only 9 acid residues which confers it a basic character with a pI of 10.5. The structure of Human NE, in complex with MeO-Suc-Ala-Ala-Pro-Ala chloromethyl ketone, has been solved in 1989 at 1.84 A resolution (1HNE -PDB) (Table 5).

Proteainase 3, PR3

PR3 (EC. 3.4.21.76) is a 220 amino acid (29-32 kDa) active protease. As NE, PR3 contains two N-glycosylation sites (Asn129 and Asn174) and four disulfide bridges (Cys56-Cys72, Cys152-Cys209, Cys182-Cys188 and Cys199-Cys224). PR3 is homologous to NE with 55 % of sequence identity (Table 4) with less arginine residues leading to a lower pI of 9.5. Contrary to others neutrophil serine proteases, PR3 is also expressed in secondary granules and secretory vesicles (Witko-Sarsat et al., 1999). The crystal structure of PR3 has been solved with at 2. 2A resolution (1FUJ -PDB) (Table 5).

Cathepsin G, CG

As all NSPs, CG (EC. 3.4.21.20), is synthetized under inactive precursor. After maturation, the protein is composed of 222 amino acid residues with a molecular mass of about 28.5 kDa. It contains three disulfide bridges (Cys49-Cys65, Cys142-Cys207 et Cys172-Cys186) and only one N-glycosylation site (Asn71). CG is the NSPs with the highest pI (12) due to 37 basic residues against 9 acid residues.

Crystal structure of human neutrophil cathepsin G, complexed with the peptidyl phosphonate inhibitor Suc-Val-Pro-Phe-P(OPh)2 has been determined at 1.8 A and used in this manuscript (1CGH -PDB) (Table 5).

Neutrophil serine protease 4, NSP4

The recently discovered NSP4 [START_REF] Perera | NSP4, an elastase-related protease in human neutrophils with arginine specificity[END_REF] is a glycoprotein of 230 amino acid residues (30.5 kDa) containing four disulfide bridges (Cys59-Cys75, Cys157-Cys224, Cys188-Cys202 and Cys214-Cys239) and two N-glycosylation sites (Asn129 and Asn189) with a pI around 9.5. NSP4 display 37-40 % of identity with others NSPs. The structure of NSP4, in complex with phe-phe-arg-chloromethylketone has been solved in 2014 at 1.40 A resolution (4Q7Z -PDB) (Table 5). Neutrophils store large amount of NE, CG and PR3 in granules [START_REF] Campbell | Elastase and cathepsin G of human monocytes. Quantification of cellular content, release in response to stimuli, and heterogeneity in elastase-mediated proteolytic activity[END_REF]. In contrast, it is suspected that the concentration of NSP4 in neutrophils is low.

Indeed, semi-quantitative comparison of NSP4 with CG suggest a 20-fold lower abundance of NSP4 in human neutrophil [START_REF] Perera | NSP4, an elastase-related protease in human neutrophils with arginine specificity[END_REF][START_REF] Perera | NSP4 Is Stored in Azurophil Granules and Released by Activated Neutrophils as Active Endoprotease with Restricted Specificity[END_REF].

Pancreatic Serine Proteases (PSPs)

Trypsin, Chymoytrpsin and Pancreatic Elastase (PE) are the three serine proteases expressed by the exocrine pancreas. They are released from pancreatic acinar cells as inactive zymogen into the pancreatic duct to finally reach the duodenum where they are activated for digestion by autoactivation and enterokinase.

Genomics

Chymotrypsin and PE genes (CTRC and CELA2A respectively) are found on chromosome 1p36. The CTRC gene comprises 8 exons and spans 8.2 kb while CELA2A gene get through 15.4 kb. Trypsinogen gene (PRSS1) is located on chromosome 7q34 and contains 5 exons that span approximately 3.6 kb.

Proteomics

Like for the four NSPs, pancreatic serine proteases are synthetized as zymogens.

The general structure of the zymogen is the same as described before (Nterminal signal peptide, a prodipeptide and a C-terminal extension, cleaved sequentially to give the mature protease) (Figure 32 

Trypsin

Trypsinogen is the precursor form of trypsin activated by enterokinase. The human pancreas secretes three isoforms of trypsinogen. On the basis of their relative electrophoretic mobility, these are commonly referred to as cationic trypsinogen (PRSS1), anionic trypsinogen (PRSS2), and mesotrypsinogen (PRSS3).

In normal conditions, cationic trypsinogen represents approximately two-thirds of total trypsinogen, while anionic trypsinogen makes up approximately onethird. Mesotrypsinogen is a minor species, accounting for less than 5 % of trypsinogens or 0.5 % of pancreatic juice proteins [START_REF] Scheele | Identification of proteins according to biological activity following separation by two-dimensional isoelectric focusing/sodium dodecyl sulfate gel electrophoresis: analysis of human exocrine pancreatic proteins[END_REF][START_REF] Rinderknecht | Mesotrypsin: a new inhibitor-resistant protease from a zymogen in human pancreatic tissue and fluid[END_REF]). I will focus on trypsin-1 (PRSS1), simply called trypsin in the text, (EC. 3.4.21.4) is a 224 amino acid residue protein with a molecular masse about 24 kDa and pI 7.6. It contains five disulfide bonds (Cys30-Cys160, Cys48-Cys64, Cys139-Cys206, Cys171-Cys185, (Cys196-Cys220). The tridimensional structure of human trypsin I used has been determined in the presence of diisopropyl-phosphofluoridate at a resolution of 2.2 A (1TRN -PDB) (Table 5).

Chymotrypsin

Chymotrypsin (EC. 5).

Urokinase-type plasminogen activator (uPA)

The protease uPA is encoded by PLAU gene, located on chromosome 10q24 and consisting of 11 exons (1.3 kb). Interestingly, in normal cells transcript half-life is about 1 hour, while in the metastatic breast cancer cells the uPA transcripts appear to be very stable with a half-life of about 17 hours [START_REF] Wang | Posttranscriptional regulation of urokinase plasminogen activator receptor messenger RNA levels by leukocyte integrin engagement[END_REF].

The protease uPA is synthetized as a single-chain zymogen (pro-uPA or sc-uPA).

Once secreted, the zymogen is exposed to other proteases which may generate For better understanding, all serine protease crystal structures used in this manuscript are reported in Table 5 there-after.

Crystal structures of serine proteases

Structure of serine proteases have been studies intensively over the past decades.

Tridimensional structures analysis appeared very useful in addressing the structure/biological function relationship [START_REF] Perona | Structural basis of substrate specificity in the serine proteases[END_REF][START_REF] Czapinska | Structural and energetic determinants of the S1-site specificity in serine proteases[END_REF]. The extensive structural results obtained from X-ray crystallographic and NMR have provided information about enzyme specificity. Particularly, primary sequence as well as tridimensional structure influence the S1 subsite specificity.

In this manuscript, I used crystal structures of several serine proteases to illustrate the structure/function and thus specificity relationship. Protein Data Bank codes are listed in Table 5. Tridimensional structures of each proteases exposed above were represented in electrostatic interaction representation (Figure 33) and correlated with pI values.

PDB

Figure 33. Front view of positive and negative electrostatic potential. Solventaccessible surface colored in blue (+5 kT) and red (-5 kT), respectively. Each pI is

annoted in parenthese.

Specificity at the S1 subsite

Specificity refers to the ability of a protease to bind one substrate in preference to other substrates. Specific interaction is influenced by the shape and chemical surface of the binding site. Interestingly, solvent-accessible surfaces in all those 8 serine proteases show that their charge distributions differ significantly near the substrate binding region (Korkmaz et al., 2008). Specifically, their solvent access and potential electric at S1 site are different between each protease (Figure 34). For each protease, the S1 subsite is built with three β-strands. Amino acid residues 189-192, 213-216 and 226-228 as well as the oxyanion-binding site (Gly213 and Ser195) are heavily implicated in S1 specificity [START_REF] Czapinska | Structural and energetic determinants of the S1-site specificity in serine proteases[END_REF]. The nature of the residues at those positions together with their accessibility conditioned the specificity of each proteases. Elastase-like proteases have a hemispherical and hydrophobic S1 pocket because of the presence of Val190, Ala213, Val216, Ala227, Phe228 [START_REF] Bode | X-ray crystal structure of the complex of human leukocyte elastase (PMN elastase) and the third domain of the turkey ovomucoid inhibitor[END_REF]. As an illustration, elastases (NE & PE) and proteinase 3 prefer small alkyl side chains (such as alanine or valine) in P1 since their pocket is shallow.

The S1 subsite of trypsin as well as urokinase appears larger than that of elastaselike proteases. It requires positively charged P1 residues (lysine or arginine) due to the presence of a negatively charged Asp189 at the bottom [START_REF] Krieger | Structure and specific binding of trypsin: comparison of inhibited derivatives and a model for substrate binding[END_REF].

Because of the D189S substitution, Chymotrypsin-type S1 subsite shows a clear preference for hydrophobic residues and a gradual improvement in catalytic efficacy with the increase in side-chain volume [START_REF] Schellenberger | The specificity of chymotrypsin. A statistical analysis of hydrolysis data[END_REF]. The deep non-polar pocket prefers a large hydrophobic amino acid residue (phenylalanine, tyrosine or tryptophan) in the P1 position to bind tightly and in the correct orientation for the catalytic triad to function.

NSP4 presents a paradox : it exhibits a trypsin-like specificity for cleaving substrates after arginine residues, but it bears elastase-like specificity determining residues in the active site. This example shows very well the induced fit theory, assuming that the enzyme shape is partially flexible.

Researches on how P1-S1 can be spatially accommodated on NSP4 are currently very active [START_REF] Lin | Structures of Neutrophil Serine Protease 4 Reveal an Unusual Mechanism of Substrate Recognition by a Trypsin-Fold Protease[END_REF]Wyscocka et al., 2016).

III. Proteolytic activity detection and molecular imaging.

Immunodiagnostic assays from biological fluid samples are commonly used techniques when looking at proteases. However, in addition to the fact that invasive procedures carry complication risks for patients, ex vivo protease quantification do not necessarily reflect in vivo protease active. This is certainly the reason of the lack in biomarkers that accurately and reliably reflect disease severity ex vivo.

Therefore, extensive efforts are being made on developing methods allowing to monitor protease activity within whole organism and in real-time. Such methods consist in quantitative imaging strategies that can directly measure molecular processes related to disease severity and progression like proteolysis.

In this third section of the introduction part, I give an overview of the most commonly used imaging techniques to image serine protease activity in vivo. I then chose to concentrate progressively on two foci, one on a biomarker, the other one on a method. Thus, the first focus is dedicated to the molecular imaging of Neutrophil Elastase. The second one highlights an original molecular imaging method by MRI (Magnetic Resonance Imaging) using Overhauser effect (OMRI).

Proteolysis imaging : toward a clinical revolution

Although non-invasive, conventional imaging techniques have limited value for assessing diagnosis and there is no widely accepted modality that provides information about aggressiveness and response to therapy. The clinics is thus impaired by the absence of reliable imaging methods to localize deleterious proteolytic activities in order to assess the actual protease/antiprotease balance status in a patient.

Clinical role of proteolysis imaging

Molecular imaging is defined as the ability to visualize and quantitatively measure the function of biological and cellular processes in vivo [START_REF] Mankoff | A definition of molecular imaging[END_REF].

Protease activity imaging occupies a major place in fundamental and preclinical research and would constitute a powerful tool to study in real-time and reliably the underlying biochemistry of related-diseases [START_REF] Law | Proteolysis: A Biological Process Adapted in Drug Delivery, Therapy, and Imaging[END_REF].

Of first importance, proteolysis imaging plays a role in fundamental science discovery to further understand functional roles of proteases, proteolytic networks or regulatory processes. Second, a proteolysis imaging method valid for humans would constitutes a novel clinical tool for diagnosis. It would detect diseases prior to anatomical alterations and clinical manifestations.

Identification of early cases can aid the development of personalized treatments (treatment with inhibitors or a change in habits) reducing the morbidity and mortality associated with diseases (European Alliance for Personalized Medicine, 2013 ;[START_REF] Holland | The Role of Molecular Imaging in Personalised Healthcare[END_REF]. Protease activity imaging also prove valuable by helping to stratify disease severity and to follow its progression over time. In case of cancers, it can also help in clarifying the benign or malignant nature of findings seen on anatomical images (Akhurst et al., 2015). Third, molecular imaging has the ability to reliably characterize pathologies of diseased tissues without invasive biopsies or surgical procedures resulting less discomfort for patients in terms of stress, time and number of visits and tissue sample collection [START_REF] Fei | Molecular imaging and fusion targeted biopsy of the prostate[END_REF]. A fourth other important benefit would be the capacity to provide an early pharmacodynamic measure of drug efficacy [START_REF] Wang | Medical imaging in new drug clinical development[END_REF]. Such techniques will facilitate the functional validation of pharmaceutical targets and drug candidates in a more objective way than clinical outcomes. This would thus avoid the ineffective chemotherapy with the attendant morbidity and expense [START_REF] Law | Proteolysis: A Biological Process Adapted in Drug Delivery, Therapy, and Imaging[END_REF]. Finally, molecular imaging techniques could complement information from conventional imaging modalities. Coupled with blood or urine biomarker assays molecular imaging could provide a very powerful detection tool [START_REF] Olivares | Research into cancer metabolomics: Towards a clinical metamorphosis[END_REF].

Modalities of serine protease activity imaging

In ongoing preclinical research novel molecular biomarkers of various diseases have been identified. "Smart" imaging probes along with new technologies and instrumentation for proteolysis imaging are developed to monitor these molecular target activities [START_REF] Yan | Molecular imaging of enzyme activity in vivo using activatable probes[END_REF]. The molecular information quality provided is thus highly dependent on the choice of a relevant and specific biomarker, the physical, biochemical and pharmacological characteristics of the probe and the linked imaging modality [START_REF] James | A Molecular Imaging Primer: Modalities, Imaging Agents, and Applications[END_REF]. Design of novel probes includes the use of targeting imaging agents designed to detect proteolytic activity differences between sick tissues and their surrounding environment. Molecular imaging of a protease-specific activity has been investigated with a myriad of agents (e.g., inhibitors, peptides, antibodies, polymers, small molecules) labeled with many different imaging tags (e.g., fluorescent dyes, quantum dots, luciferins, Gd-chelates, magnetic nanoparticles and radioisotopes) [START_REF] Pysz | Molecular imaging: current status and emerging strategies[END_REF]Edington, 2011) (Figure 35). According to the imaging agent properties, multiple imaging modalities are available, based on various physic properties (magnetic resonance (MR) ; radioactivity ; optic).

Currently, those imaging instruments are developed to be able to detect disorders with high sensitivity and high resolution. 

Optical molecular imaging strategies

Molecular imaging is easily performed using fluorescence which directly detects photons emitted from fluorescent probes. Fluorescence imaging is by far the most widely used technique for imaging protease activity on small animals.

Weissleder and colleagues pioneered near-infrared fluorescent (NIRF) proteaseactivable probes, with particular focus on cancers and inflammation. The first in vivo optical imaging of protease activity was demonstrated in a xenograft lung carcinoma model two decades ago [START_REF] Weissleder | In vivo imaging of tumors with protease-activated near-infrared fluorescent probes[END_REF]. The NIRF probe was bounded to a polymer consisting of poly-L-lysine and polyethylene glycol (PEG).

This probe involves a dye-quencher system individually flanked at one each side of a peptide, taking advantage of both the P and P' specificity. The emission spectrum of the donor overlaps with the excitation spectrum of the acceptor.

When proteases cleave the peptide, NIRF and quencher molecules are separated from each other, suppressing the energy transfer and resulting in an increase in the emission intensity of the donor and reducing the acceptor emission. Lung imaging revealed a 12-fold increase in the NIRF signal that accumulated in intratumoral space. Although this probe was not specific for a single protease, this result opened the door of new research on molecular imaging of proteolysis.

Indeed, few years after, similar probes were published with various specificity :

Cathepsin B [START_REF] Ofori | Design of Protease Activated Optical Contrast Agents That Exploit a Latent Lysosomotropic Effect for Use in Fluorescence-Guided Surgery[END_REF][START_REF] Bremer | Imaging of Differential Protease Expression in Breast Cancers for Detection of Aggressive Tumor Phenotypes[END_REF], MMP-2/9 (Bremer et al., 2001 ;[START_REF] Jiang | Tumor imaging by means of proteolytic activation of cell-penetrating peptides[END_REF], uPA [START_REF] Law | Design, synthesis, and characterization of urokinase plasminogen-activator-sensitive near-infrared reporter[END_REF][START_REF] Hsiao | In-vivo imaging of tumor associated urokinase-type plasminogen activator activity[END_REF]) NE [START_REF] Gehrig | Spatially Resolved Monitoring of Neutrophil Elastase Activity with Ratiometric Fluorescent Reporters[END_REF][START_REF] Lechtenberg | The Elastase-PK101 Structure: Mechanism of an Ultrasensitive Activity-based Probe Revealed[END_REF][START_REF] Edwards | Kinetic and structural analysis of fluorescent peptides on cotton cellulose nanocrystals as elastase sensors[END_REF][START_REF] Schulenburg | A FRET-based biosensor for the detection of neutrophil elastase[END_REF] and Caspase-3 [START_REF] Edgington | Noninvasive optical imaging of apoptosis by caspasetargeted activity-based probes[END_REF].

Optical detection is safe with non-radioactive material, using readily available instruments at moderate cost [START_REF] Weissleder | Imaging in the era of molecular oncology[END_REF]. However, optic suffers from important drawbacks : substrate fluorescence quenching is not complete, 3D images can only be obtained by reconstruction and tissue penetration of light is typically limited to surface (e.g., skin, breast, colon) thus preventing deep tissues and skull imaging. Therefore, further improvements in performance of in vivo optical imaging are needed for clinical translation.

PET imaging

Positron Emission Tomography (PET) can detect biochemical species in real time with excellent sensitivity [START_REF] Phelps | Molecular Imaging and its Biological Applications[END_REF]. PET measures annihilation radiation which occurs during radioactive decay of radiotracers labeled with positron emitting radionuclides such as 11 C, 13 N, 15 O, and 18 F. The emitted positron annihilates with an electron, which leads to the release of two high-energy photons [START_REF] Kinahan | X-ray-based attenuation correction for positron emission tomography/computed tomography scanners[END_REF] detectable by PET scanners.

When the molecular target is an enzyme, methods to generate PET imaging agents are very few and the most common is 2-[18F]fluoro-2-deoxy-glucose ([18F]FDG) for imaging hexokinase (Ido et al., 1978). Several PET probes for imaging protease activity have been reported. Radio-labeled activity-based probes could bind covalently the catalytic site of MMP2/9 [START_REF] Wagner | Novel Fluorinated Derivatives of the Broad-Spectrum MMP Inhibitors N -Hydroxy-2(R)-[[(4-methoxyphenyl)sulfonyl](benzyl)-and (3picolyl)-amino]-3-methyl-butanamide as Potential Tools for the Molecular Imaging of Activated MMPs with PET[END_REF][START_REF] Zheng | Synthesis, biodistribution and micro-PET imaging of a potential cancer biomarker carbon-11 labeled MMP inhibitor (2R)-2-[[4-(6fluorohex-1-ynyl)phenyl]sulfonylamino]-3-methylbutyric acid [11C]methyl ester[END_REF], Cathepsin B [START_REF] Ren | [END_REF] and NE [START_REF] Charlton | In vivo imaging of inflammation using an aptamer inhibitor of human neutrophil elastase[END_REF][START_REF] Rusckowski | Inflammation and infection imaging with a 99mTCneutrophil elastase inhibitor in monkeys[END_REF] for in vivo imaging. However, disadvantage of using an inhibitor-based approach is the lack of amplification of signal that is obtained with substrate-based approaches and the lack of information on the actual enzyme concentration (different from active enzyme concentration). Therefore, development of non-inhibitory imaging strategies for visualizing in vivo protease activity seem more accurate [START_REF] Pimlott | Molecular tracers for the PET and SPECT imaging of disease[END_REF]. Based on the cleavage of a MMP-2 specific substrate probe (PEG-peptide-18Ftetramethylrhodamine) into a hydrophobic probe (18F-TMR), Chuang and coworkers were able to detect MMP-2 activity in vivo by PET [START_REF] Chuang | In Vivo Positron Emission Tomography Imaging of Protease Activity by Generation of a Hydrophobic Product from a Noninhibitory Protease Substrate[END_REF].

The great advantage of this technique lies in that the signal accumulates at sites displaying protease activity due to the retention of the hydrophobic moiety by cell plasma membrane thus precisely localize tumor. The radioactivity intensity was 17.4-fold higher in mice bearing tumors than in controls 60 minutes after intravenous administration of the probe. In the same aim, activable PET tracer specific to Capsase-3 was successfully tested on tumor xenograft mouse model [START_REF] Shen | Positron Emission Tomography Imaging of Drug-Induced Tumor Apoptosis with a Caspase-Triggered Nanoaggregation Probe[END_REF].

Nevertheless, ionization is the main drawback, making longitudinal follow-up difficult.

MRI

Nuclear Magnetic Resonance Imaging (MRI) has become widely available in hospitals and clinical centers and is routinely used in diagnostics. MRI provides images depicting the distribution of protons or certain other nuclei with different contrasts [START_REF] Grover | Magnetic Resonance Imaging: Principles and Techniques: Lessons for Clinicians[END_REF]. It has a true 3D coding along with exceptional good [START_REF] Zhang | Gadolinium meets medicinal chemistry: MRI contrast agent development[END_REF]. Gadoliniumchelates are used to enhance the T1 contrast and iron oxide nanoparticles have been used to increase the T2 contrast. Contrast agents designed to detect MMP-2 activity were reported on tumor mouse models [START_REF] Lebel | Novel solubility-switchable MRI agent allows the noninvasive detection of matrix metalloproteinase-2 activity in vivo in a mouse model[END_REF]Jastrzebska et al., 2009).

These agents used a paramagnetic gadolinium-chelate attached to the Nterminus extremity of MMP-2 cleavable peptide but display low affinity.

CEST agents

The acronym CEST stands for Chemical Exchange Saturation Transfer. CEST identifies chemicals that generate contrast through the transfer of saturated protons from the donor pool (CEST agent) to the acceptor pool (water) [START_REF] Wolff | Magnetization transfer contrast (MTC) and tissue water proton relaxationin vivo[END_REF]. CEST effects can be used to detect enzyme activity known as catalyCEST MRI. This method was used to detect uPA activity in tumor mouse models [START_REF] Sinharay | Detecting in vivo urokinase plasminogen activator activity with a catalyCEST MRI contrast agent[END_REF]. Studies demonstrated an enhancement of 10.6 % in CEST signal within the tumor region, indicating a good uptake of the agent into the tumor. Cathepsin B activity probe was also developed although no in vivo image was shown [START_REF] Hingorani | A single diamagnetic catalyCEST MRI contrast agent that detects cathepsin B enzyme activity by using a ratio of two CEST signals: A catalyCEST MRI contrast agent that detects cathepsin B activity[END_REF].

19 F nuclei

After protons, 19 F nuclei are the most sensitive spins and with 100 % natural abundance, thus allowing easy detection by NMR. Particularly, 19 F-probes were designed for sensing the class of caspase (caspases 1 & 3) in living animals but for now applied mainly in vitro [START_REF] Mizukami | Paramagnetic Relaxation-Based 19 F MRI Probe To Detect Protease Activity[END_REF]. Interestingly, an in vivo Caspase-1 activity detection after immune response induced by IL-6 was performed. However, images came from only one mouse assay with an apparently low turn-on ability of the probe since the maximum signal intensity was detected after 7 H post-injection [START_REF] Akazawa | Sensing caspase-1 activity using activatable 19 F MRI nanoprobes with improved turnon kinetics[END_REF].

Hyperpolarized probes

The last class of MRI agents is by far the most sensitive one owing to the use of hyperpolarization techniques that increase dramatically, up to five order of magnitude the MRI sensitivity. This point is reviewed on section " 3. Hyperpolarization-based MRI ".

Each of the optical, PET and MR imaging modalities presented possess strength and weaknesses. Although proof-of-principles have been demonstrated for multiple protease activity imaging, there is a few probes potentially ready for clinical translation. Thus, introduction of novel imaging agents, development of non-invasive, real-time, specific and sensitive as well as cost-effective imaging tools represent crucial challenges for clinical applicability of proteolysis imaging. 
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Hyperpolarization-based MRI

As a second special focus, this third point is dedicated to MRI methods using hyperpolarized imaging agents as introduced above (Figure 36).

Electron Paramagnetic Resonance (EPR) as well as NMR (Nuclear Magnetic Resonance) rely on the existence of an intrinsic angular momentum called " spin ". The physical phenomenon can be briefly described in three part : the Zeeman effect, the spin resonance and the signal measurement. EPR is applied to unpaired electron spins whereas NMR refers to nuclear spins.

Zeeman effect and resonance condition

For spin 1/2 like proton or electron, two quantum states (α and ß) co-exist. In absence of magnetic field, spins are randomly oriented so that no MR signal can be measured because of the absence of bulk magnetization. In the presence of an external magnetic field (B) generated by a magnet, the two states with opposite spin orientation split into levels which are not equally populated. This effect is called the " Zeeman effect ". As the magnetic field increases, the degeneracy level lifts linearly between both levels (Figure 37).

Figure 37. Example of Zeeman effect.
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As exposed before, a major limitation of MRI for molecular imaging and clinical translation is its low sensitivity, an issue that can be overcome by hyperpolarization. In such methods, the spin polarization of a nucleus is dramatically enhanced with regard to thermodynamic equilibrium [START_REF] Ardenkjaer-Larsen | Increase in signal-to-noise ratio of > 10,000 times in liquid-state NMR[END_REF]. Hyperpolarization-based methods allow in vivo imaging of biological molecules that were not detectable with conventional methods.

Nuclear spin polarization, a sensitive problem

Whereas the energy difference between α and ß states is high enough to provide polarization of 2000 ppm/Tesla in EPR, the situation is critical in NMR where only 3.5 ppm/Tesla are found for protons (and less for other nuclei) at room temperature. In vivo applications of MRI imply temperatures at 37°C, and even when high magnetic fields (up to twenty Tesla) are applied, nuclear spin polarization remains very low. Since the observed signal is proportional to P a poor sensitivity can be expected in NMR as compared with other approaches.

Fortunately, P can be increased by 10,000 to 100,000-fold through hyperpolarization (HP) [START_REF] Ardenkjaer-Larsen | Increase in signal-to-noise ratio of > 10,000 times in liquid-state NMR[END_REF]. HP is indeed a significant redistribution of the ordinary nucleus population of energy levels hence a increase in MRI sensitivity (Figure 39). 

Dissolution Dynamic Nuclear Polarization (dDNP)

Solid state DNP technique has emerged as a way to hyperpolarize smallmolecules not readily observable by conventional MRI. Discovered in 1953 by Albert Overhauser, the DNP is a double resonance effect [START_REF] Overhauser | Polarization of Nuclei in Metals[END_REF]. It is defined by a polarization transfer from a higher spin magnetization to the environing nuclear spin, thereby enhancing the nuclear polarization and finally making the MRI signal appears brighter.

The dDNP of 13 C-labeled molecules, largely used for preclinical studies, is currently the only DNP method translated to patients [START_REF] Nelson | Metabolic Imaging of Patients with Prostate Cancer Using Hyperpolarized [1-13C]Pyruvate[END_REF].

Hyperpolarized agents are generated by mixing 13 C-labeled compounds with free radicals, in a magnetic field of about 3 T, cooling to ∼1 K, and using microwaves to transfer polarization from unpaired electrons to 13 C (Ardenkjaer- [START_REF] Ardenkjaer-Larsen | Increase in signal-to-noise ratio of > 10,000 times in liquid-state NMR[END_REF]. Once done, the sample is rapidly dissolved, injected and imaged. To do so, well defined conditions are required for great efficiency and reliability. They include to pay attention to the 13 C labeling position on the molecule for maximal T1 relaxation time so that hyperpolarization could still be available during the in vivo process, the degree of polarization that is achieved, the short delivery time and the optimal MR sequence applied, the nature of the substrate, the fast transport of the substrate and its biochemical transformation. For example, increasing evidence points prostate cancer to be strongly linked to abnormal metabolism due to change in key metabolic pathways [START_REF] Keshari | Metabolic Reprogramming and Validation of Hyperpolarized 13 C Lactate as a Prostate Cancer Biomarker Using a Human Prostate Tissue Slice Culture Bioreactor: HP Lactate in a Human Prostate TSC Bioreactor[END_REF].

Increased production of lactate can be measured via hyperpolarized 13 C MR [START_REF] Albers | Hyperpolarized 13C Lactate, Pyruvate, and Alanine: Noninvasive Biomarkers for Prostate Cancer Detection and Grading[END_REF][START_REF] Tessem | Evaluation of lactate and alanine as metabolic biomarkers of prostate cancer using 1 H HR-MAS spectroscopy of biopsy tissues[END_REF]. This technique has been translated to clinics and the increased production of lactic acid can be directly visualized following administration of (1-13 C)pyruvate [START_REF] Nelson | Metabolic Imaging of Patients with Prostate Cancer Using Hyperpolarized [1-13C]Pyruvate[END_REF].

PEDRI/OMRI

Another way to perform DNP is based on the use of the Overhauser effect in Proton Electron Double Resonance Imaging (PEDRI) also called Overhauser-Enhanced MRI (OMRI). One major work was realized in the late 1980s where free radicals were imaged in vitro (Lurie et al.1988). This phenomenon is attributed to the absorption of energy coming from electromagnetic field which accompanies a change of electron spin polarization transferred to proton. The OMRI technique combines a full NMR imaging experiment associated with EPR excitation.

In OMRI experiment, the higher polarization of the unpaired electron is transferred to the protons of neighboring water molecules (Figure 40). Such polarization transfer occurs when the electron spin states population undergo a perturbation. In liquids, DNP occurs if both spins are involved in dipole-dipole interaction. NMR signal from protons is enhanced in the presence of free radicals and exhibit a brighter intensity in the final image. Theoretically, in the absence of hyperfine coupling, the NMR signal enhancement is proportional to 330. This value corresponds to the gyromagnetic ratio of the electron γe divided by twice the gyromagnetic ratio of the proton γH. 

1-Electron excitation

Proton polarization

Enhanced MRI

With a simple biochemical model compatible with mouse imaging, it was demonstrated as a proof of concept that OMRI enhancement was significant with the use of 3-line nitroxide exhibiting free electrons [START_REF] Mellet | New Concepts in Molecular Imaging: Non-Invasive MRI Spotting of Proteolysis Using an Overhauser Effect Switch[END_REF]. The experimental setup was challenged with a phantom made of nine capillaries (1.4 mm internal diameter) filled with nitroxides. With this system, each capillary is clearly individually delimited and the signal enhancement in 3D images was around 40-fold. (Figure 41). Importantly, it can be noticed here that for pure dipolar interaction and maximal leakage (thermal contact between proton and electron), the best enhancement is predicted to be 110-fold for that type of nitroxide. [START_REF] Mellet | New Concepts in Molecular Imaging: Non-Invasive MRI Spotting of Proteolysis Using an Overhauser Effect Switch[END_REF].

Figure 41. Isosurface representation of 3D OMRI of nine capillaries filled with 5 mM of nitroxide Oxo-TEMPO. (A) without HP ; (B) with HP (adapted from

Even though double resonance imaging has proven to be a powerful way to probe exogenous radicals, biomedical applications remain largely unexplored with only a few laboratories worldwide involved in this area of research. Among a variety of free radicals, a particular interest was given to nitroxides. Particularly sensitive to their electronic environment, some nitroxides can be designed to display resonance line broadening or shifting to detect various parameters and could be used as potential imaging agents to monitor and quantify specific proteolytic activity.

In vivo Overhauser-enhanced Imaging of Proteolysis Natacha Jugniot
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Nitroxides

Nitroxides are N,N-disubstituted ((R1)(R2)NO . ) free radicals. They are characterized by a bond with three electrons delocalized on nitrogen and oxygen atoms. Two electrons are located on a π bonding orbital and a single electron is contained in a π* anti-bonding orbital. The nitroxide radical is present in two mesomer forms in constant exchange stabilized by free electron delocalization (Figure 42). Proportion of each form involves several factors including :

² Proximity of an electron-withdrawing group will favor the B-form of the nitroxide (conversely an electron-donor group will favor the A-form).

² Apolar solvents will also favor B-form (and conversely polar solvents will favor the A-form mesomer). N.B. : Cybotactic effects of solvents are published [START_REF] Audran | Hyperfine Coupling Constants of β-Phosphorylated Nitroxides: A Tool to Probe the Cybotactic Effect by Electron Paramagnetic Resonance[END_REF][START_REF] Marque | Cybotactic Effect on Nitrogen and Phosphorus Hyperfine Coupling Constants in β-Phosphorylated Nitroxides[END_REF].

Figure 42. The two mesomer forms (A&B) of nitroxide free radical ((R1)(R2)NO . ).

Cyclic nitroxides are free radicals stabilized by methyl groups at the α-position in five-membered pyrrolidine, pyrroline or six-membered piperidine ring structures (Figure 43). The methyl groups confer stability to nitroxide radicals by preventing radical-radical dismutation and dimerization and also limit access to reactive substances.

This particular feature makes nitroxide molecules detectable in vivo by EPR, thermodynamically stable enough and inert towards most molecules found in biological environments [START_REF] Halpern | Vivo EPR (ESR): Theory and Application[END_REF]. 

The use of nitroxides and their biological interest

Half a century of continuous progress in nitroxide chemistry has resulted in the design of specific nitroxide radicals pH probes [START_REF] Clement | Synthesis and use as spin-trap of 5-methyl-5-phosphono-1-pyrroline N-oxide (DHPMPO). pH Dependence of the EPR parameters of the spin adducts[END_REF][START_REF] Dhimitruka | Phosphonated trityl probes for concurrent in vivo tissue oxygen and pH monitoring using electron paramagnetic resonance-based techniques[END_REF][START_REF] Thetiot-Laurent | New amino-acid-based beta-phosphorylated nitroxides for probing acidic pH in biological systems by EPR spectroscopy[END_REF] and EPR oximetry [START_REF] Weaver | In vivo EPR oximetry using an isotopically-substituted nitroxide: potential for quantitative measurement of tissue oxygen[END_REF][START_REF] Matsumoto | Simultaneous imaging of tumor oxygenation and microvascular permeability using Overhauser enhanced MRI[END_REF]. The sensitivity of their EPR spectra to the microenvironment in addition to their mobility, explains why nitroxides have been important biophysical tools for numerous EPR spectroscopic applications.

Tumor pH mapping

An OMRI approach has been developed to pH mapping aqueous samples using pH sensitive nitroxides [START_REF] Efimova | Variable radio frequency proton-electron doubleresonance imaging: Application to pH mapping of aqueous samples[END_REF][START_REF] Khramtsov | Variable Field Proton-Electron Double-Resonance Imaging: Application to pH mapping of aqueous samples[END_REF]. In a proof of concept, an imidazoline radical was used which protonation results in a difference in the nitrogen hyperfine coupling constant (ΔaN = 0.8 G), splitting between protonated and unprotonated forms (Figure 44). More recently, the same group published an imidazoline nitroxil radical bound with glutathione to study extracellular acidosis in tumor-bearing mouse legs [START_REF] Komarov | In Vivo Extracellular pH Mapping of Tumors Using Electron Paramagnetic Resonance[END_REF]. This probe showed a pH-dependent EPR spectrum with different hyperfine splitting constants (Figure 45).

. . .

Khramtsov's team presented promising first results but their strategy requires improvements. At first, because to bet on a change of nitrogen hyperfine coupling constant only leads to small variations. Here, the EPR shift is not sufficient since it is lower than peak linewidth. Thus, overlapping of EPR lines occurred leading to a non-specific excitation during OMRI experiment.

Secondly, sensitivity of probes should be able to detect small changes of pH found in tumors. Solid tumors are often referred to have an acidic extracellular pH (approximately, 7 ≤ pHe ≤ 7.4) but near neutral intracellular pH (Gerwech et al., 1996).

Enzymatic imaging agents

Very few articles applied nitroxide synthesis for detecting enzymatic activity in the aim of pathology diagnosis. Recent work demonstrated the detection of alkaline phosphatase activity using a nitroxide radical (ΔaN = 0.67 G) [START_REF] Sanzhaeva | Imaging of Enzyme Activity by Electron Paramagnetic Resonance: Concept and Experiment Using a Paramagnetic Substrate of Alkaline Phosphatase[END_REF]. Again, shift in hyperfine coupling constant was too low to be of any use in vivo.

Theranostic agents

Another interesting application of nitroxides is their use as theranostic agents.

Coupled to radicals that are much more reactive they form alkoxyamines. This approach was recently proposed for the treatment and monitoring of solid tumors. The smart agent alkoxyamine can, in vitro, spontaneously undergo homolysis producing a highly reactive alkyl agent which in turn would induce cancer cell death, and a stable nitroxide which would serve as imaging contrast agent by OMRI (Figure 46) [START_REF] Moncelet | Alkoxyamines: Toward a New Family of Theranostic Agents against Cancer[END_REF][START_REF] Audran | Alkoxyamines: a new family of pro-drugs against cancer. Concept for theranostics[END_REF].

Figure 46. General structure of alkoxyamine.

The therapeutic agent is the alkyl radical (red) and the diagnostic agent is the nitroxide (black).
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A phosphorylated hexacyclic core nitroxide.

Various radicals have been developed to have a sufficient frequency shift [START_REF] Stipa | β-Phosphorylated five-membered ring nitroxides: synthesis and ESR study of 2-phosphonyl-4-(hydroxymethyl)pyrrolidine aminoxyl radicals[END_REF][START_REF] Moigne | P-Phosphorylated Cyclic Nitroxides. 2. Synthesis of Pyrrolidin-and Piperidin-2-yl Phosphonates and the Corresponding Stable Nitroxides[END_REF]. In the aim to build a suitable line-shifting nitroxide for in vivo applications, Pr. Marque and Dr. Mellet imagined a nitroxide offering greater spectroscopic advantages. A specially designed nitroxide core was synthetized during the ANR grant "NITROMRI", 2009-2014, and is presented below (Figure 47). . Indeed, phosphorous atom will be placed in vicinal coupling according to the N-O bond. Thus, B0 value decreases drastically with the distance to the free electron. The second term, B1. N , is a constant value in our experimental protocols [START_REF] Audran | Enzymatically Shifting Nitroxides for EPR Spectroscopy and Overhauser-Enhanced Magnetic Resonance Imaging[END_REF] and B0 ≪ B1. N The magnitude of the hyperfine coupling constant in phosphorous is then only driven by value. An increase in its value will directly result in a decrease of αP value. The dihedral angle q measured in silico by molecular modelization on nitroxide 1. is 7.4°, i.e., a phosphorus coupling constant calculated by the Heller McConnel relation of approximately 60 G [START_REF] Bosco | Développement de sondes radicalaires intelligentes pour le diagnostic par IMR rehaussée par l'effet Overhauser[END_REF]. It is interesting to notice that, in our case, with B0 generally measured around 5 G, less than 10 % of the phosphorus coupling constant referrers to scalar coupling. Such result verified the thesis that the phosphorus hyperfine coupling constant is mainly due to the hyperconjugaison effect, i.e., the stabilizing interaction that results from the interaction of the electrons in C-P bond with the SOMO (Figure 49). Change in angle involves an important conformational change (H bonds, dipole-dipole, steric repulsions and constraints) which will favor a particular conformational state of the phosphorus atom [START_REF] Audran | Enzymatically Shifting Nitroxides for EPR Spectroscopy and Overhauser-Enhanced Magnetic Resonance Imaging[END_REF]. The minimum dihedral θ angle for a six-membered ring containing a phosphorylated component occurs when the 𝛼-carbon / phosphonate bond and the singly occupied molecular orbital (SOMO) of the NO bond are coplanar. In this case, θ is 0°. Conversely, θ is maximum when the 𝛼-carbon / phosphonate bond and SOMO are orthogonal to each other. In this case, θ is 90°.

With accumulated results from 2009 to 2014, the objective is to go further to condition nitroxide 1 . for proteolytic activity detection, i.e., such that its dihedral angle makes a significant shift in phosphorous hyperfine coupling constant upon specific proteolysis. At that time and to our knowledges, no radical probes exhibits that capacity with sufficient EPR shift.

! = 0°! = 90°! CHAPTER 2

Phosphorylated nitroxide probes as proteolytic activity detectors

In the previous section, nitroxides were highlighted as powerful tools for EPR spectroscopy and MRI signal enhancement. This chapter introduces in details the full process of development of nitroxide probes I used for in vitro, ex vitro and in vivo applications toward proteolysis imaging. The first point " 1. Overview of the method " explains probe development method step by step. The second point " 2. Experimental procedures " is dedicated to protocol explanations accounting for Chapter 3-Results.

I. Overview of the method.

Preliminary nitroxide probe

Natural peptides with ester bonds exist, they are called depsipeptides. The ester bond adopts similar bond angles and lengths (Φ and Ψ dihedral angles) and also strongly prefers trans-ester conformation like secondary amides [START_REF] Ingwall | III. Theoretical Conformational Analysis of Randomly Coiling and Ordered Depsipeptide Chains[END_REF]. However, amide and ester bonds differ in their electronegativity and in the electron delocalization stabilizing the system. It was decided to derive the nitroxide 1 . to make an enol-ester bond (-CO-O-C=C-) mimicking the peptide amide bond (-CO-NH-) but having a lower activation energy. This nitroxide was named nitroxide 2 . (Figure 50).

Molecular modelizations and calculations on nitroxide 2 . gave a value of 14.5 °, which corresponds to a phosphorus coupling constant of 56.2 G, i.e., a difference with the ketone 1 . of 2.8 G. These two molecules, in a mixture, should have an EPR spectrum including some lines without overlap, with a linewidth peak to peak for the central line of 1.8 G and 1.2 G for nitroxides 2 . and 1 . respectively.

These theoretical results supported the idea that this target molecule had the necessary prerequisites for our objectives.

Formula : C14H25NO6P . . Molecular Weight : 334.32 g.mol -1 .

Figure 50. Nitroxide 2 . . Nitroxide 2 . synthesis and application were published in 2015 [START_REF] Audran | Enzymatically Shifting Nitroxides for EPR Spectroscopy and Overhauser-Enhanced Magnetic Resonance Imaging[END_REF].

In this study, the nitroxide was made to react with a series of digestive enzymes leading to nitroxide 1 . . Suitable spectroscopic properties were obtained with a better shift in the phosphorous hyperfine coupling constants than expected, 

Development of an enzyme specific probe

Enzymes are potentially very selective to specific substrates (c.f., Chapter 1.II).

We then imagined a concept bringing in a peptide-nitroxide conjugation which would be cleaved by one specific protease activity. Peptides with various enzyme specificities can be added by replacing the acetyl substituent in the prototype nitroxide 2 . to form nitroxide 3 . (Figure 52). Hydrolysis of substrate 3 . by a specific enzyme will yield to a keto-enol chemical equilibrium heavily in favor of the ketone form named 1 . . One example of in silico docking result is given below with NE and the putative substrate MeO-Suc-Ala-Ala-Pro-Val-Nitroxide (Figure 54). Looking at its 3D geometry, substrate shape is complementary to the shape of the enzyme. The putative substrate correctly fills the active site of the target enzyme (Figure 54-A-B). The peptide spontaneously docked in the enzyme active site with the proper N-terminal/C-terminal orientation (Figure 54-C-D). The nitroxide ring does not undergo any steric clash with the enzyme binding site. Special attention was given to the amino acid residue in P1 position. The valine residue properly fills the hydrophobic S1 pocket thus presenting the scissile ester bond near the 195 catalytic serine with a favorable orientation (Figure 54-E) within a distance between the oxygen of the substrate and the hydrogen of the reactive serine on the enzyme of 3.72 Å. Collectively, data suggest that MeO-Suc-Ala-Ala-Pro-Val-Nitroxide exhibits suitable topology for NE activity and has been selected for synthesis. 

100°

The second putative substrate, Suc-Ala-Ala-Pro-Val-Nitroxide, also targeting NE was synthetized later. Methylation was deleted from the original probe to optimize substrate solubility in vivo.

In the same way, the best docking results for chymotrypsin and urokinase are given below (Figure 55 

Substrate nitroxide organic synthesis

After docking investigations, the most promising candidates presented previously (Table 6) were synthetized and purified by Pr. [START_REF] Jugniot | An Elastase Activity Reporter for Electronic Paramagnetic Resonance (EPR) and Overhauser-enhanced Magnetic Resonance Imaging (OMRI) as a Line-Shifting Nitroxide[END_REF][START_REF] Duttagupta | Selective On/Off-Nitroxides as Radical Probes to Investigate Non-radical Enzymatic Activity by Electron Paramagnetic Resonance[END_REF].

Specific EPR properties : a line shifting nitroxide

We designed nitroxides such that their EPR properties change upon specific enzyme proteolysis. Let's consider the nitroxides of type 3 . . Their EPR spectrum constitute a doublet of triplets and displays the expected 6-lines signal (Figure 57). Indeed, the triplet comes from the coupling of odd electron with the nitrogen (Figure 58-B). Changes in hyperfine coupling constants during substrate to product conversion are reported in Table 7.

² Effect of proteolysis on nitrogen hyperfine coupling constant aN

The nitrogen hyperfine coupling constant aN depends on nitrogen spin density ( ). As seen before, two mesomer forms coexist for the nitroxyl radical, with the odd electron either on the nitrogen either on the oxygen (Figure 42). In our conditions and upon proteolysis, the angle decreases, making phosphonate closer to the nitrogen. This favors more intensely B form mesomer where the odd electron is more on the oxygen lower spin density on the nitrogen and thus leading to a lower aN after proteolysis (D aN = -0.6 G).

² Effect of proteolysis on phosphorus hyperfine coupling constant aP

As The clear difference between substrate and product EPR profiles affords an easy quantification of each species over time via the Bruker Spinfit and SpinCount modules included in the Xenon software. Thus, the line-shifting can be used to measure an enzyme activity by EPR in vitro. This chemical property was transposed in OMRI applications to monitor enzymatic reactions and to create contrast. and thus obtain images of either substrate consumption either product generation. To do so, the EPR frequency, hosted by the EPR cavity from the OMRI system, had to be accorded precisely on the chosen nitroxide. EPR irradiation frequency was adjusted on the third or fourth peaks since the shift length prevents unambiguously overlapping (Figure 59).

Figure 59. Shift between substrate and product EPR spectra and peak to peak distances (G).

Formula to calculate the EPR frequency is described as :

𝐹𝑟𝑒𝑞𝐸𝑃𝑅(𝑀𝐻𝑧) = 𝐹𝑟𝑒𝑞𝑁𝑀𝑅 × ( 𝛾𝑒 𝛾𝐻 ) -𝑆ℎ𝑖𝑓𝑡 𝛾𝑒 = 𝐸𝑃𝑅 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑎𝑡 𝑡ℎ𝑒 𝑐𝑒𝑛𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚 (𝐺𝐻𝑧) 𝐸𝑃𝑅 𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚 𝑐𝑒𝑛𝑡𝑒𝑟 (𝑇)
In this equation, 𝛾𝐻 is the proton gyromagnetic ratio and is equal to 42.577

MHz/T, 𝛾𝑒, the electron gyromagnetic ratio, is calculated from the equation above. The shift corresponds to the difference in frequency between the center of the spectrum and the targeted EPR line. 

Determination of active enzyme concentrations

Active enzyme concentration of stock solutions (NE, PPE, proteinase 3, cathepsin G, chymotrypsin, trypsin and uPa) was quantified by spectrophotometric titration by inhibitors. Enzyme's active sites in solution were determined with known solutions of high affinity inhibitors and synthetic chromogenic reagents.

All reagents are reported in Table 8. 

2.

In vitro studies of the substrates

Enzyme specificity screening

The specificity of substrates was investigated with several proteases with various specificities and origins (Figure 62). Enzymatic screenings were carried out in vitro in order to evaluate enzyme specificities toward substrate nitroxides in pursuit of effective proteolytic activities. Kinetics were acquired by EPR and followed during 2 hours. EPR affords an easy quantitation of each species over We rearrange Eq.12 to isolate [E]/[ES] and defined the Michaelis constant (KM) :

[𝐸𝑆] = [-][f] h i
; where, KM = 1 jk l1 m 1 k (Eq.13)

Total enzyme concentration was equal to [E]t = [E] + [ES], that we substitute to the equation above :

[𝐸𝑆] = ([-] n .[-f]).[f] h i (Eq.14) [𝐸𝑆]. 𝐾 p + [𝐸𝑆]. [𝑆] = [𝐸𝑆]. [𝑆] and [𝐸𝑆] = [-] n .[f] h i l[f]
(Eq.15)

We substitute this alternative expression of [ES] into Eq.11 and obtained and defined the catalysis rate constant (𝑘 qrg ) :

v0 = 1 m .[-] n .[f] h i l[f]
; where, 𝑘 0 = 𝑘 qrg when [S] >>𝐾 p (Eq.16)

Assuming that the enzyme-substrate complex is in rapid equilibrium with the reactants enzyme and substrate, which means that the equilibrium takes place on a much faster time-scale than the product is formed, the Michaelis-Menten equation is obtained as follows:

v0 = s i .[f] h i l[f]
; where 𝑘 qrg = s i

[-] ` when [S]>>𝐾 p (Eq.17)

In this equation, the initial reaction rate v0 relates to the substrate concentration

[S] and the maximum rate of the reaction vMax.

For the determination of the enzymatic constants, substrate to product conversion was monitored using EPR spectroscopy by varying the concentration of substrates at constant concentration of enzymes (Figure 63). A large excess of substrate over enzyme was used ; ratio of substrate to enzyme varying from 2500 to 200000. After 2 hours reaction, the amount of product formed was calculated via Spincount. Initial velocities v0 were measured for each curve and plotted against the concentration of nitroxide. Michaelis-Menten hyperbolic representation was build and a nonlinear regression analysis was performed by fitting with Eq.17. Enzymatic constants, KM and kcat were estimated as well as kcat/ KM ratio. Full data associated with MeO-Suc-Ala-Ala-Pro-Val-Nitroxide and Suc-Ala-Ala-Pro-Phe-Nitroxide against NE and chymotrypsin respectively, were published and can be found in [START_REF] Jugniot | An Elastase Activity Reporter for Electronic Paramagnetic Resonance (EPR) and Overhauser-enhanced Magnetic Resonance Imaging (OMRI) as a Line-Shifting Nitroxide[END_REF][START_REF] Duttagupta | Selective On/Off-Nitroxides as Radical Probes to Investigate Non-radical Enzymatic Activity by Electron Paramagnetic Resonance[END_REF]. 

Ex vivo kinetics studies

Substrate stability

As control experiments, stability of nitroxides of type 3 . was tested by EPR at 25°C as well as at 37°C for in vivo relevance. Post processing C57BL6J mice were anesthetized in an induction chamber with a mixture of 4% isoflurane and air 1 L/min (Baxter, Deerfield/IL, USA) and sacrificed with a lethal dose of isoflurane. About 100 µL of blood were collected by intracardiac way and immediately mixed with a small volume of argatroban (50 µM, Sigma-Aldrich, Germany) (Figure 64). Neutrophil degranulation was induced by addition of calcium ionophore A23187 (12.5 µM, Sigma-Aldrich, Germany). Negative control was made in the same conditions without A23187. Three incubating time at 37°C were tested. Enzymatic reactions were started either immediately (condition T0) either 30 min after by adding substrate MeO-Suc-Ala-Ala-Pro-Val-Nitroxide.

V M K M V M /2 V in V i2 V i1 [Substrate] n [Substrate] 2 [Substrate] 1 Michaelis Menten Plot (…)
The condition T30-a corresponds to the mix blood/A23187 incubated for 30 minutes following by substrate addition and EPR recording, whereas the condition T30-b ties in blood/A23187/substrate mix incubated for 30 minutes and EPR recording. At the end, Eglin C was added in excess to stop the reaction before EPR analysis. Product formation rates of positive vs negative assays were compared. 

Neutrophil Elastase activity in BALs

In the ambition to perform lung imaging, substrates were first tested using mouse bronchoalveolar lavage (BAL) fluids. BALs were from mice with various genotypes (Wild Types and mice deficient in CG, NE and PR3 generated by targeted mutagenesis), healthy or Pseudomonas aeruginosa infected (Figure 65). several assays used an administration of product nitroxide to assess its stability (2 -150 mM).

MR images of the lungs were acquired from To to 2 h after nitroxide administration with and without product EPR frequency saturation on (OMRI vs MRI). MRI signal enhancement in lungs were calculated for the two conditions.

² Spectroscopy :

EPR measures were performed to correlate MRI results. Healthy mice (N = 8) were intra-tracheally administrated with 100 mM of product nitroxide. BALs were collected immediately after product administration and its concentration in each sample was analyzed by EPR. In addition to BAL collection, blood samples as well as lungs were inspected. BALs and blood were directly put inside capillaries and spectra were recorded by EPR. Lungs were crushed into liquid nitrogen and then placed inside capillaries for analysis.

² Imaging in the bladder :

To follow product biodistribution in bloodstream, product nitroxide was administrated at 250 mM, 250 μL via intravenous way (tail vein) on anesthetized healthy mouse.

MR images of the bladder were acquired from To to 1 h after product administration with and without product EPR frequency saturation on (OMRI vs MRI) and MRI signal enhancement was calculated. Thiaudière, and Nicolas Vanthuyne.

[ + ] These authors contributed equally to this work.

Chemistry -A European Journal, 24, 7615-7619 (2018).

Synthesis and first in vitro experiments were accomplished and indicated that the probe is suitable to probe enzymatic activity without any special preparation or denaturation of the samples.

The probe exhibits high sensitivity to chymotrypsin activity, thus showing great interest for future imaging of pancreatitis. Imaging this activity would then allow an early diagnosis of chronic pancreatitis and a better staging. In addition, the selectivity for cathepsin G opens the door for a sensitive imaging method of the inflammation that co-exists.

This novel type of line-shifting nitroxide substrate was shown to be robust and importantly this approach can be extended to many types of enzymes in various fields of research.

For instance, a peptide adapted to trypsin would also allow to detect early activation of pancreatic enzymes without co-detection of inflammation. This would provide a more specific diagnostic and would be useful for research on pancreatitis.

II. An elastase activity reporter for EPR spectroscopy and OMRI. [ + ] These authors contributed equally to this work.

Free Radical Biology and Medicine, 126, 101-112 (2018) As expected, EPR parameters of substrate and product showed a difference of 5 

III. Michaelis constants of SucAAPV-Nitroxide by EPR.

As for MeO-Suc-Ala-Ala-Pro-Val-Nitroxide and Suc-Ala-Ala-Pro-Phe-Nitroxide, kinetics of consumption of Suc-Ala-Ala-Pro-Val-Nitroxide were monitored by EPR. Superimposed Michaelis-Menten plots of the three substrates are presented in Figure 67 and Michaelis constants are reported in Table 9. Kinetic constants for Suc-Ala-Ala-Pro-Val-Nitroxide derived from these measurements are Km = 55 µM and kcat = 20 s -1 with a catalytic efficiency of kcat/Km = 780 000 M -1 .s -1 . imaging method as a promising in vivo diagnostic tool. Indeed, BALs are estimated to be 1/100-fold diluted in the epithelial lining fluid [START_REF] Rennard | Estimation of volume of epithelial lining fluid recovered by lavage using urea as marker of dilution[END_REF], thus, rates are expected to be about 100-fold higher in vivo.

V. Neutrophil protease activity assessment in blood by EPR.

Substrate MeO-Suc-Ala-Ala-Pro-Val-Nitroxide as well as product 1 . were then tested for their stability in blood (Figure 71-A). Compared to the spontaneous hydrolysis velocity rate in HEPES buffer, the rate of substrate in blood is approximatively 4-fold higher. This may depict low residual activity of some esterases present in blood. Interestingly, product in blood leads to an important decrease in concentration over time.

To know if this could be significant for in vivo studies, MeO-Suc-Ala-Ala-Pro-Val-Nitroxide as well as Suc-Ala-Ala-Pro-Val-Nitroxide were reacted with NE in mouse blood. Kinetics of substrate consumption going with product formation were recorded by EPR (Figure 71-B). Rates of consumption of the two substrates in blood are slower than in HEPES buffer, which is compatible with a large part of NE being inhibited by blood anti-proteases (here about 80 %). Product concentration poorly increases over time until it reaches a plate steady state that lasts more than 30 minutes. The product seems to be degraded quickly and cannot accumulate. Although there is product important degradation in blood, in vivo imaging might still be possible. Because instantaneous discharge of azurophilic granules was unlikely, two incubation times of the mix blood/A23187 were used (T0 and T30 minutes). Even though an increase of 1.55-fold in product formation is reached at T0, an incubation of half an hour allows a better increase of 2.5-fold. Moreover, this ratio value was found to be the same in conditions T30-a (blood/A23187 incubated for 30 minutes followed by substrate addition and EPR recording) and T30-b (blood/A23187/substrate incubated for 30 minutes and EPR recording). Thus, substrate hydrolysis occurs immediately when it encounters the proteolytic enzymes and with great velocity. Finally, product seems to show good stability in complex media such blood since it was still visible after more than 30 minutes. Substrate Suc-Ala-Ala-Pro-Val-Nitroxide and Product 1 . kinetics of degradation were compared to the ones of commercial nitroxides with close chemical structures. Substrate Suc-Ala-Ala-Pro-Val-Nitroxide is stable in cell culture and do not generate any cell mortality. On the other hand, among the peptide-free nitroxides, the reactional product 1 . interestingly exhibits the best stability with lifetime around 2.5-fold longer than in bloodstream. Finally, it appears to be feasible to image both the substrate and the product in vivo since the three commercial nitroxides (the less stable compounds in Figure 73-B) were successfully imaged in vivo (data currently under publication).

VII. In vivo imaging of the substrate nitroxide.

Stability and biodistribution of substrate Suc-Ala-Ala-Pro-Val-Nitroxide were analyzed in vivo. For the first time, administration of the probe on healthy mice gave a bright signal inside the lungs, with 2-fold MRI signal enhancement (Figure 74). This allowed to follow its bio-distribution of in vivo. The probe has a good stability with no significant hydrolysis during time of experiment (about 1 h). Thus, without inflammatory process, protease/antiprotease balance is maintained and almost no substrate hydrolysis occurs. Mice treated with LPS to generate inflammatory response did not show any MRI enhancement, validating the use of this mouse model. Indeed, the lack of enhancement proves that inflammatory response is on, neutrophil recruitment leads to an excess of proteases in the lung fluids, including NE, hydrolyzing the substrate thus becoming rapidly undetectable by OMRI (To < 3 min).

Those OMRI results were completed with ex vivo by EPR experiments (Figure 75). BALs from healthy mice show a substrate concentration in agreement with the amount of substrate administrated, attesting the good stability of Suc-Ala-Ala-Pro-Val-Nitroxide. In the other hand, BALs from LPS treated mice have a lower substrate concentration, demonstrating its hydrolysis into product. Thus, in vivo, we can correlate substrate consumption with inflammation. The substrate could be used as diagnosis tool by quantifying the loss in substrate. The first aim, imaging the substrate in vivo inside lungs, was successfully executed. Nevertheless, we would prefer to have a positive signal related to inflammation, i.e., product formation. Therefore, the second challenge was to image the product formation in vivo.

We applied different protocols to image the product formation. None of them allowed us to have MRI signal enhancement of the product in vivo. EPR experiments were done to help in our understanding of the process occurring (Figure 76). Effectively, samples of blood, BALs and lungs, collected immediately after product administration inside mouse lungs, show a very small amount of product remaining detectable by EPR (< 3 % of [product]administrated). First, because we know that substrate is hydrolyzed and product is formed, the product is probably not stable in lungs. It may pass through the lung epithelium, enter cells and be metabolized at very high speed since first data is taken at To < 3 min (imaging and spectroscopy). Moreover, this phenomenon is specific to the product nitroxide since the substrate could have been imaged. Finally, to go further previous ex vivo assays on blood (Figure 71) and to determine if the product could be image after bloodstream transport in vivo, we administrated the product via the tail vein of healthy mice and imaged their bladder afterward (Figure 77). The MRI signal enhancement reached 3.5-fold.

Thus, the product could have been imaged in vivo, however the enhancement was much lower than expected according to the dose administrated. This results correlates well the ex vivo assays on blood : the product is degraded quickly when entering cells and cannot accumulate. 

Perspectives

The design of novel line-shifting-nitroxide reporters used during this work is robust and can be adapted to many enzymes, thus, having potential applications in various fields of research. I illustrated that advantage by working not only on serine protease activity imaging but also on 1) Lipases activity monitoring. Moreover, other applications of nitroxide use in cancers will be exposed in point 11) Cancer theranostic. Those two parallels works were conducted independently.

I. Shifting-nitroxides to investigate enzymatic hydrolysis of fatty acids by lipases using EPR.

Our nitroxide core was grafted to detect lipases activity by replacing the peptidic sequence by various fatty acid chains. A set of 11 lipase substrates, saturated and unsaturated with increasing chain length, was probed with 5 different lipases. 

II. Development of alkoxyamines as activatable pro-drugs against cancers.

Recently, a probe was developed as theranostic approach for the diagnostic and 

Organic Chemistry Frontiers, (2019).

Kinetics, enzyme specificities and activities as well as the homolysis rate constant were investigated by EPR. A clear difference is visible in the homolysis rate of the putative prodrug upon activation with the relevant enzymes. The activation of the peptide-stabilized alkoxyamine by enzymes generates a bright contrast by OMRI. This report illustrates that deposition of a prodrug at a tumor site could be monitored using Overhauser-enhanced Magnetic resonance imaging.

However, the rates are still much too long to be used on tumors since the activated alkoxyamine would have the time to travel out of the targeted tumor and undergo homolysis at the wrong place. The work is now focus on accelerating the homolysis rate and adaptating the peptide sequence to proteases that are actually present in the tumor (MMPs, uPA for example).

III. Substrate-based probes and localization of proteolytic activity.

The work accomplished here highlights the strong value of substrate-based imaging agents for serine protease imaging. Our strategy exhibits multiple advantages. Signal amplification can be easily achieved : a single active protease can process many substrates continuously leading thereby to signal amplification. However, applications for precise diagnosis will require further development in term of specificity and localization. Indeed, although good catalytic constants were published [START_REF] Jugniot | An Elastase Activity Reporter for Electronic Paramagnetic Resonance (EPR) and Overhauser-enhanced Magnetic Resonance Imaging (OMRI) as a Line-Shifting Nitroxide[END_REF], Duttagupta et al., 2018) specificity is still the sinews of war. Increased recognition peptide chain length and/or unnatural amino acid use could overcome such concerns [START_REF] Kasperkiewicz | Design of ultrasensitive probes for human neutrophil elastase through hybrid combinatorial substrate library profiling[END_REF]. In addition, localizing with great precision the site of proteolysis may be challenging when using substrate-based probe specially over time of experiment (as illustrated with alkoxyamine use). To overcome this potential issue, some studies used probes containing a membrane binding module between the imager and the peptide sequence [START_REF] Page | Non-invasive imaging and cellular tracking of pulmonary emboli by near-infrared fluorescence and positron-emission tomography[END_REF]Chuang et al., 2011). Probes exist in a disordered state in solution with limited non-specific interaction for phospholipid surfaces. When extracellular proteases are released, proteolysis occurs. The membrane-binding module is freed and spontaneously interact and localize in cellular membranes. Another type of probes, the activitybased probes (ABPs), contrasts with the irremediable diffusion of substratebased probes. ABPs are small molecules that irreversibly bind a target enzyme and allow to visualize it using optical-based imaging modalities [START_REF] Jugniot | Neutrophil Elastase Activity Imaging: Recent Approaches in the Design and Applications of Activity-Based Probes and Substrate-Based Probes[END_REF]. As remain linked to the target protease, ABPs lead to a non-ambigous localization of enzymes. However, since they act as inhibitors signal amplification is abrogated. Large concentrations of proteases are thus required, limiting early diagnosis.

IV. Toward Human application

In addition to enhanced specificity and precision in localization, application in clinics with the presented nitroxide core will require further development in terms of software equipment. While it is possible to make mouse images, an electron resonance frequency in the microwave range around 5.4 GHz is not suitable for humans because of low penetration depth. It will then require the use of MRI at very low field which allows convenient saturation of electron and high penetration depths.

As a demonstration, we can calculate the Larmor precession, n, of our system at B = 0.2 T with the constant gyromagnetic ratio, g, when placed in an external Thus, with a penetration depth of 5 cm, the wave will totally penetrate a mouse (big as about 1/2l). However, such penetration is inadequate for human and must be increase. Fortunately, by decreasing B as low as the magnetic field of Earth, Clinicians will be able to give timely response to patients in terms of change in habits or medical treatments that finally will lead to optimize patient outcome.

Sylvain

  Marque et le Professeur Gérard Audran, pour leur travail colossal sur la synthèse des nitroxydes et des substrats peptidiques utilisés durant mon travail de thèse. Merci également au Docteur Abderrazzak Bentaher pour son aide précieuse dans les expérimentations ex vivo et in vivo sur les modèles murins d'inflammation. L'union de nos savoirs et compétences aura été fructueuse et salutaire.

  L'IRM rehaussée de l'effet Overhauser est une méthode d'imagerie émergente conçue pour améliorer la sensibilité du signal IRM. Elle associe deux techniques : la RPE et la RMN (Résonance Magnétique Nucléaire), base de l'IRM. Il s'agit d'une expérience de double résonance consistant en la saturation des transitions électroniques d'électrons non appariés placés dans un champ magnétique statique à l'aide d'une onde hyperfréquence sélective. Les interactions entre les électrons non appariés et les noyaux de protons d'eau environnants entraînent un transfert de polarisation, améliorant le signal IRM qui apparaît avec un contraste plus lumineux.

  This thesis work allowed to develop and characterize a new form of probes acting as proteolytic activity reporters for EPR spectroscopy. An original methodology was applied to allow non-invasive imaging of this activity by MRI. The method we propose uses line-shifting nitroxides whose physical characteristics are unique and for now unequaled. Their use allows a strong enhancement of MRI signals resulting in improved contrast on the final image. In addition, this contrast is conditioned by the presence of proteases having a specific proteolytic activity on probes. Our work on molecular imaging of MRI proteolysis is a major contribution in three areas : the diagnosis, the evaluation and the longitudinal follow-up of protease inhibitor-based treatments as well as the basic research on proteases and pharmaceutical research on protease inhibitors.
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 36373839404148 Figure 36. Classification of MRI contrast agents.Figure 37. Example of Zeeman effect.Figure 38. Resonance condition and EPR spectrum acquisition.Figure 39. Populations α and ß of spin placed in an external magnetic field.Figure 40. Overhauser effect principle.Figure 41. Isosurface of 3D OMRI of nine capillaries filled with Oxo-TEMPO.Figure 42. The two mesomer forms (A&B) of nitroxide free radical ((R1)(R2)NO . ).Figure 43. Examples of cyclic nitroxide compounds.Figure 44. Nitroxide used by Khramtsov et al. for OMRI.Figure 45. pH-sensitive radical probe structure and its EPR spectra.Figure 46. General structure of alkoxyamine.Figure 47. Nitroxide 1 . . Figure 48. Dihedral angle 𝜽.
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 515253 Figure 49. Hyperconjugaison effect. Figure 50. Nitroxide 2 . . Figure 51. In vivo OMRI images post-gavage.Figure 52. Overview of nitroxide 3 . conversion into 1 . during proteolysis. Figure 53. Chemical structure of nitroxides 3 .
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 545556 Figure 54. Docking of MeO-Suc-Ala-Ala-Pro-Val-Nitroxide with NE structure 1HNE.Figure 55. Docking of Suc-Ala-Ala-Pro-Phe-Nitroxide with chymotrypsin 4H4F.Figure 56. Docking of Pyro-Glu-Gly-Arg-Nitroxide with urokinase structure 5Z1C.

Chapter 1

 1 is dedicated to a bibliographic review of physiological and pathological roles of proteases. It begins with a non-exhaustive description of the underlying biochemistry of several medical burden. I emphasize the role of proteolytic enzymes "serine proteases" and point potential targets and molecular imaging technologies for diagnosis. Then, I provide the full understanding of my work in Chapter 2 by giving an overview of the method used, details on experimental procedures as well as recent advances of this project before my arrival in Ph.D. Afterwards, Chapters 3 reports the synthesis and in vitro applications of the firsts line-shifting nitroxide probes. Then, probes were worked out for ex vivo and in vivo inflammation imaging. Chapter 4 is the conclusion of this thesis and introduces the different discussion and perspectives for future clinical proteolysis imaging in human. W CHAPTER 1

Figure 2 .

 2 Figure 2. Protease/inhibitor balance. (A) without stimuli, (B) with stimuli leading to enhanced proteolysis. Imbalance in favor of proteases induces destruction of pathogenrelated stimuli and if excessive, extra-and intracellular damages.

Figure 4 .

 4 Figure 4. Portion of disease-related proteases in human. The number of proteases correlated to pathologies in each catalytic class comes from[START_REF] Pérez-Silva | The Degradome database: expanding roles of mammalian proteases in life and disease[END_REF] 

Figure 5 .

 5 Figure 5. Involvement of serine proteases in some inflammatory diseases.

Figure 6 .

 6 Figure 6. Schematic representation of the tracheobronchial tree. (A) Trachea, major bronchi, bronchioles and non-respiratory bronchioles make up the conducting zone, while respiratory bronchioles, alveolar ducts, and alveolar sacs make up the respiratory zone. (B) Schematic representation of gas exchange with blood vessels in one alveolar sac.

Figure 8 .

 8 Figure 8. Leucocyte classification. The two groups are broken down in different

Figure 9 .

 9 Figure 9. Neutrophil differentiation. Hematopoietic stem cell (HSC) differentiate to finally give mature neutrophils. MP : Multipotent Proparent ; CMP : Common Myeloid Proparent ; GMP : Granulocyte-Macrophagic Proparent.

Figure 10 .

 10 Figure 10. Compartments of neutrophil precursor proliferation and distribution.

4 .

 4 Neutrophil granule secretion

Figure 14 .

 14 Figure 14. Content of neutrophil granules and secretory vesicles. BPIP = Bactericidal permeability-increasing protein ; CD = cluster of differenciation ; CR = cytokine receptor ; TNF = tumor necrosis factor.

Figure 15 .

 15 Figure 15. Anatomy of the pancreas. The pancreas consists in an exocrine and an endocrine compartment. The exocrine tissue is involved in the secretion of digestive enzymes, whereas the endocrine compartment contains the islets of Langerhans involved

3. 1 . 4 . 1 .

 141 Enzymes are packaged in granules within acinar cells Enzymes are physically separated from every intra-and extracellular component by granule membrane. Their intracellular trafficking can occur safely.

3. 1 . 4 . 3 .

 143 Pancreatic outflow is permanentPressure inside the pancreatic duct is about twice that in the common bile duct.The permanent flow of the pancreatic juice insured by a gradient of pressure, avoids its stagnation in the pancreatic channel, impedes reflux and thus, prevents activation inside the channel.

Figure 16 .

 16 Figure 16. Protective mechanisms against pancreas autodigestion. Acinar cells release inactive pancreatic enzymes from zymogen granules as well as physiological inhibitors into the lumen of the acinus. Molecules are combined with water and bicarbonate secretions of ductal cells. The permanent outflow of the pancreatic juice then travels safely into pancreatic ducts to join the duodenum where proteolytic enzymes are activated.

Figure 17 .

 17 Figure 17. Zymogen cascade activation of several digestive enzymes from exocrine pancreatic secretion. There are three ways of activation of trypsinogen : by enterokinase, cathepsin B and auto-activation.

Figure 18 .

 18 Figure 18. Illustration of the co-localization hypothesis : an explanation for digestive enzyme activation during the early stage of pancreatitis. Normally, newly synthesized lysosomal hydrolases are segregated from digestive enzyme zymogens as the two types of enzymes traffic through acinar cells. However, during pancreatitis, that segregation is perturbed and lysosomal hydrolases become co-localized with digestive enzyme zymogens within cytoplasmic vacuoles.

  Due to a constant aggression, the pancreatic tissue is progressively replaced by fibrosis with sometimes calcifications, making important architecture deformations. It involves and ends in a progressive loss of endocrine and exocrine functions and increased risk of pancreatic ductal adenocarcinoma.

Figure 20 .

 20 Figure 20. Matrix-degrading enzymes are actors in cancer invasiveness. Cancer cells produce MMPs which degrade basement membranes surrounding the tumor and cleaved the aligned collagen fibers resulting in local invasion, intra-and extravasation finally leading to metastasis (adapted from Hamidi et Ivaska, 2018).

Figure 21 .

 21 Figure 21. Proteolytic network in tumor microenvironment. Extracellular proteases cooperatively influence ECM degradation and tumor growth, invasion, migration and angiogenesis (from[START_REF] Mason | Proteolytic networks in cancer[END_REF].

Figure 22 .

 22 Figure 22. Function and regulation uPAS in the plasminogen activation system. Activated pro-uPA (1) activates plasminogen to plasmin (2), which then activates pro-MMPs. Both plasmin and MMPs degrade ECM components and activate growth factors or liberate them from ECM sequestration (3). Proteolytic activities of uPA and plasmin are regulated by plasminogen activator inhibitors PAI-1 and PAI-2 and α2-antiplasmin.(PR : plasminogen receptor).

Figure 23 . 1 . 1 .catalytic components 1 . 1 . 1 .

 2311111 Figure 23. Common structure of Chymotrypsin-like serine proteases. This figure was made with Molsoft L.L.C software (San Diego, CA, USA) and tridimensional structure 4H4F (chymotrypsin) is from the Protein Data Bank. Catalytic residues are represented in labeled sticks.

Figure 24 .

 24 Figure 24. Catalytic triad components. In the active site of the chymotrypsin-like serine proteases, the eponym residue, Serine195, is paired with Histidine57 to promote nucleophilic attack on substrate peptide bonds, stabilized by a tertiary residue, Aspartate102.

Figure 25 . 3 .

 253 Figure 25. The oxyanion hole. Oxyanion hole of a serine protease stabilizes negative charge build-up on the transition state of the substrate (blue) using hydrogen bonds from enzyme's backbone amides (green).

Figure 26 .

 26 Figure 26. Catalytic mechanism of chymotrypsin-like serine proteases. In step 1, the enzyme-substrate complex forms. In step 2a, the serine hydroxyl oxygen attacks the carbonyl carbon of the peptide bond of the substrate to give a tetrahedral intermediate. In step 2b, the negatively charged oxygen is stabilized in the oxyanion pocket, and the substrate peptide bond breaks, leaving an acyl-enzyme intermediate. In step 3, a water molecule attacks the acyl-enzyme intermediate to give a second tetrahedral intermediate. In step 4, the tetrahedral intermediate dissociates, regenerating active enzyme.

Figure 28 .

 28 Figure 28. Schematic illustration of the Schechter & Berger nomenclature. In this representation, the scissile bond of the substrate is marked by the arrow. P and P' denotes amino acids from the substrate and S and S', amino acids from the enzyme.

Figure 29 .

 29 Figure 29. Schematic representation of the zymogen primary sequence of a serine protease. Arrows represent the various cleavage sites leading to mature and active protease.

Figure 30 .

 30 Figure 30. Salt bridge formation between Ile16 and Asp194 in Chymotrypsin. The activation of chymotrypsin proteases requires the cleavage of a bond between Arg15 and Ile16 and the subsequent attraction of Ile16 and Asp194 to renders the active site S1 pocket accessible to substrate.

Figure 31 .

 31 Figure 31. Amino acid sequences of Human NE, PR3, CG and NSP4 before maturation. Arrows represent cleavage sites. Mature NSPs (black) sequences are represented in single letter code. Amino acid residues are numerated from the first residues of mature NSPs (I 1 ).

Figure 32 .

 32 Figure 32. Amino acid sequences of Human pancreatic elastase (PE), trypsin and chymotrypsin (chymo). Arrows represent cleavage sites. Mature PSPs (black) sequences are represented in single letter code. Amino acid residues are numerated from the first residues of mature PSPs.

  enzymatically active uPA. Plasmin, cathepsin B and L, kallikreins, trypsin or thermolysin cleave the sc-uPA peptide bond Lys158 and IIe159 into an active disulfide bridge-linked two-chain form (tc-uPA). In contrast, other proteases such as elastase and thrombin, cleave pro-uPA at different positions to yield enzymatically inactive uPA. The active uPA (EC 3.4.21.73) is a 46 kDa glycoprotein of 411 residues, glycosylated at Asn302 with a pI around 8.7. Its crystal structure (5Z1C -PDB) has been resolved at 1.45 A in 2018.

Figure 34 .

 34 Figure 34. S1 subsite specificity of serine proteases. (A) Electrostatic surfaces of Chymotrypsin-, Elastase-, Trypsin-like serine proteases and NSP4. Positive and negative electrostatic potential are colored in blue (+5 kT) and red (-5 kT), respectively. In the squares is represented the surface binding pocket centered on S1 subsite. Releavent amino acid residues are exposed in stick labeled representation. (B) Illustration of the same residues than in (A) lining the S1 subsite. This figure was made with Molsoft L.L.C (San Diego, CA, USA).

Figure 35 .

 35 Figure 35. Imaging agents used for proteolysis imaging. Choice of the molecules composing the two modules a protease probe can be used to form an imaging agent with the desired enzymatic specificity.

  soft tissue contrast compared to optical imaging. It offers high spatial resolution and a complete depth penetration and allows simultaneous acquisition of anatomical structure and physiological function, making it particularly relevant for longitudinal follow-up involving multiple acquisitions. However, MRI suffers from its inherent low sensitivity which can only be partially compensated by working at high magnetic fields (4.7 -14 T in animal studies), acquiring data for much longer time periods and/or using exogenous imaging agents. Those MRI contrast agents can be classified in five groups : T1 agents, T2 agents, CEST agents, 19 F-based agents and hyperpolarized probes (Figure36)[START_REF] Terreno | MRI Contrast Agents for Pharmacological Research[END_REF]. A brief descriptions and current applications are given for each of those MRI imaging agents below. A deeper explanation of the physical phenomenon behind MRI as well as the interest in hyperpolarized probes are given later in section " 3.Hyperpolarization-based MRI ".

Figure 36 . 1 .

 361 Figure 36. Classification of MRI contrast agents.

  In the previous section, I gave an overview of proteolytic enzyme imaging. Below, I go further by giving details about methods that currently exist to image one particular protease : Neutrophil Elastase. Central during my Ph.D. word I studied imaging technologies that provide a direct readout of NE activity. The bibliographical work presented in this part was published as a review in Contrast Media & Molecular Imaging in the special issue "In vivo Imaging of Inflammation and Infection 2019" as the following reference : Neutrophil Elastase Activity Imaging :

Figure 39 .

 39 Figure 39. Schematic representation of the populations α and ß of spin placed in an external magnetic field. (A) States α and ß are nearly equally populated resulting in low polarization at thermal equilibrium level ; (B) Population of spins are redistributed during hyperpolarization causing imbalance in population distribution, finally enhancing polarization and NMR signal intensity.

Figure 40 .

 40 Figure 40. Overhauser effect principle.

Figure 43 .

 43 Figure 43. Examples of cyclic nitroxide compounds. Nitroxide compounds are composed of five-or six-membered rings containing a nitrogen atom. Compound I belongs to the 6membered piperidine ring class, compounds II and II belong to the saturated (pyrrolidine) and unsaturated (pyrroline) 5-membered ring classes. Substituent R produces compounds with various properties.

Formula

  292.29 g.mol -1 .

Figure 47 .

 47 Figure 47. Nitroxide 1 . .

Figure 48 .

 48 Figure 48. Dihedral angle 𝜽.

2 !Figure 49 .

 249 Figure 49. Hyperconjugaison effect describing the origin of the coupling between the nuclear spin of the phosphorus atom and the SOMO of the nitroxide in Newnan projection.

  , allowing an unambiguous visualization of either the substrate consumption either the product formation by OMRI. Authors went further and validated the use of this nitroxide in mice using OMRI. Briefly, a mouse was fed with a solution of nitroxide 2 . . OMRI images were aquired with EPR saturation frequency at 5425.7 MHz and gave a hypersignal with signal enhencement of 5.7-fold visible in the stomach 10 min post-gavage (Figure 51-left). After 35 minutes post-gavage the EPR frequency was shifted on 5417.5 MHz corresponding to the equivalent EPR transitions line of the product nitroxide 1 .. The image revealed that some substrate was converted into the ketone product generating a 8.5-fold signal enhancement (Figure51-right). Thus, digestive enzymes found in the stomach were able to transform nitroxide 2 . into 1 . . The conformational change form 2 . to 1 . afford a powerfull tool to investigate in vivo enzymatic processes.

Figure 51 .

 51 Figure 51. In vivo OMRI images with electronic saturation at 5425.7 MHz (left) and 5417.5 MHz (right) 10 and 35 minutes post-gavage, respectively (from Audran et al., 2015).

Figure 52 .

 52 Figure 52. Overview of nitroxide 3 . conversion into 1 . during proteolysis. Black triangle symbolizes the cleavage site. Cleavage of the enol-ester leads to a keto-enol tautomerism which favors the keto form.

Figure 53 .

 53 Figure 53. Chemical structure of nitroxides 3 . used as putative substrates for NE (A&B), Chymotrypsin (C) and uPa (D) activity imaging. A. Suc-Ala-Ala-Pro-Val-Nitroxide B. MeO-Suc-Ala-Ala-Pro-Val-Nitroxide C. Suc-Ala-Ala-Pro-Phe-Nitroxide D. Pyr-Glu-Gly-Arg-Nitroxide.

Figure 54 .

 54 Figure 54. Docking of MeO-Suc-Ala-Ala-Pro-Val-Nitroxide with NE structure 1HNE from the Protein Data Bank. A. General view of the surface enzyme (purple, van der Waals surfaces) complexed with substrate in ball and stick representation. B. Zoom on the active site, both enzyme and substrate (light blue) are represented in mashed surface. C. Enzyme-substrate complex. The enzyme surface delineates the active site of the enzyme represented as a ribbon (grey). D. Zoom on atoms implicated in proteolysis. The valine substituent (yellow) of the substrate backbone is buried below the surface within the S1 pocket (red arrow). E. The catalytic triad and oxyanion hole are part of an extensive hydrogen bonding network (Å).

Figure 55 .Figure 56 .

 5556 Figure 55. Docking of the putative substrate Suc-Ala-Ala-Pro-Phe-Nitroxide with the chymotrypsin structure 4H4F from the Protein Data Bank. (A) General view of the enzyme-substrate complex. The surface delineates the active site of the enzyme represented as a ribbon. (B) Zoom on the superimposed substrate and active site structure.

  Marque's team in the Institute of Radical Chemistry, Marseille, France. The substrates were purified by preparative Chiralpak-IE HPLC (High Performance Liquid Chromatography). Some needed additional purification on C18 column made at CRMSB. The complete synthesis of substrates MeO-Suc-Ala-Ala-Pro-Val-(R/S)Nitroxide and Suc-Ala-Ala-Pro-Val-(R/S)Nitroxide have been explained in details in two publications joined in Chapter 3 -Results

  14 N (IN = 1) split in two by the phosphorous hyperfine coupling constant of 31 P (IP = ½) atom. Position of each of the lines can be determined with respect to the central field B0*, i.e., the center of the spectrum, as a function of coupling constants with nitrogen (aN) and phosphorous (aP). Moreover, both R and S isomers of the four substrates presented in Table6have the same EPR spectrum characteristics. The nitrogen hyperfine coupling constant, aN is of 15.5 G and the phosphorous hyperfine coupling constant, aP, and is equal to 38.4 G.Then, the substrate to product conversion was triggered by addition of the suitable enzyme : NE, chymotrypsin or uPa. As expected from the in silico modelizations, substrates and product of hydrolysis have different EPR signatures (Figure58-A). The shift in phosphorus hyperfine coupling constants reaches the high value of 5 G, the largest shift in such nitroxides to our knowledge, whereas nitrogen hyperfine coupling constant is nearly unchanged

  shown in Heller McConnel relation, aP depends on nitrogen spin density (decreasing poorly after proteolysis) and is mainly influenced by the angle. After proteolysis, angle decreases which leads to a considerable increase of aP (D aP = + 4.9 G, i.e., more than 8-fold D aN).

Figure 57 .

 57 Figure 57. Typical EPR spectrum of type 3 . nitroxides. EPR acquisition parameters were set as follows : MeO-Suc-Ala-Ala-Pro-Val-Nitroxide 50 µM ; Bo = 3430 G, sweep width = 100 G ; sweep time = 30 seconds, attenuation = 25 dB ; number of pass = 1 ; modulation amplitude = 1 G ; gain = 50 dB.

Figure 58 .

 58 Figure 58. Typical EPR spectroscopy of line-shifting nitroxides of type 3 . . Hydrolysis of 100 µM MeO-Suc-Ala-Ala-Pro-Val-Nitroxide (light blue) by 1 nM NE yielding the product (purple). Parameters aN and aP are deduced from EPR substrate and product spectra respectively. (A) Three EPR spectra are represented corresponding to three reaction times : t0 (100 % of substrate), t1/2 (50 % substrate + 50 % product) and tfinal (100 % product). (B) Substrate and product superimposed EPR spectra highlighting the difference in phosphorus coupling constant D aP = 5 G .

  Thanks to the important shift in phosphorous hyperfine coupling constants, it appears possible to selectively saturate the transitions of each nitroxide 1 . or 3 .

  Protocols used during this Ph.D. work are presented below. Particular attention is given to materials and methods used for unpublished or under submission data. Complementary information is given for a deeper understanding of published data.

  A mixture of enzymes ([E0] = 1000*Ki (inhibition constant), and increasing quantities of polyvalent proteases inhibitors ([I0]) was incubated 10 minutes at room temperature. The remaining enzyme activities were measured by adding a small amount of chromogenic substrate. Concentrations of substrate were equal to 5*KM (Michaelis constant).A UV-1800 spectrophotometer (SHIMADZU, Japan) equipped with a thermostated cell holder at 25°C was used. The formation of p-nitroaniline (ε = 8800 L.mol -1 .cm -1 ) after substrate hydrolysis was measured by following change in absorbance at λ = 410 nm in function of time. Curves Abs=f(time) were visualized with UV Probe software and the analysis was done via Igor Pro software. Initial velocity (vi) was read as the slope of curves during initial conditions, and reported in function of inhibitor concentration. Linear fitting was made and extrapolated values of [E]0 were determined for each enzyme.

Figure 61 .

 61 Figure 61. Experimental procedure of enzyme titration.

Figure 1 .

 1 Figure 1. Experimental procedure of typical enzyme titration.

  time. Data were transferred to Igor Pro software for analysis. Initial velocities of all reactions were measured from the slope of the initial curve [Product]=f(Time). Initial velocities from each enzyme were extracted and compared in a histogram.Full data associated with MeO-Suc-Ala-Ala-Pro-Val-Nitroxide and Suc-Ala-Ala-Pro-Phe-Nitroxide were published and can be found in[START_REF] Jugniot | An Elastase Activity Reporter for Electronic Paramagnetic Resonance (EPR) and Overhauser-enhanced Magnetic Resonance Imaging (OMRI) as a Line-Shifting Nitroxide[END_REF][START_REF] Duttagupta | Selective On/Off-Nitroxides as Radical Probes to Investigate Non-radical Enzymatic Activity by Electron Paramagnetic Resonance[END_REF] 

Figure 62 .

 62 Figure 62. Experimental procedure illustrating enzymatic screenings in vitro. Enzyme specificities toward the corresponding nitroxide substrate were evaluated after 2 hours EPR acquisition at 25°C (x = 2, 7,9).

Figure 2 .

 2 Figure 2. Experimental procedure illustrating the enzymatic sreening in vitro. Enzyme specificity toward the nitroxide substrate corresponding was evaluated after 2 hours EPR acquisitions at 25°C.

Figure 63 .

 63 Figure 63. Experimental procedure of enzymatic constant determination.

Figure 3 .

 3 Figure 3. Experimental procedure for enzymatic constants determination in vitro.

Figure 64 .

 64 Figure 64. Experimental procedure illustrated neutrophil elastase activity determination in blood. RPE acquisitions were performed at 25°C and parameters were set as follows : Bo = 3423 G, sweep width = 120 G ; sweep time = 20 seconds, attenuation = 25 dB ; modulation amplitude = 1 G ; gain = 40 dB.

  C57BL6J mice were challenged intranasally with bacteria or PBS and sacrificed.Lungs were washed in situ with PBS (BAL). Substrate MeO-Suc-Ala-Ala-Pro-Val-Nitroxide was added to BAL samples in capillaries (2 mm intern diameter, 75 μL, 75 mm, BLAUBRAND Micropipettes). Product formation was followed by OMRI performed every 15 minutes and during 8 hours. A capillary containing the product 1 . at 1 mM in PBS buffer was used as reference. MRI signal enhancement was calculated after each OMRI acquisition and for each sample as the ratio of the NMR signal-to-noise ratio (SNR) in the presence of EPR irradiation (OMRI on) saturation divided by the SNR measured without EPR irradiation (OMRI off).

Figure 65 .

 65 Figure 65. Protocol for neutrophil elastase activity determination in BAL fluids.

Figure 5 .

 5 Figure 5. Experimental procedure of neutrophil elastase activity determination in BAL fluids.

  Numerous diseases are concomitant to unusually persistent enzymatic activity. In the aim to introduce a new tool to monitor non-invasively such activity, we investigated the use of free radicals such as nitroxides for enzymatic activity monitoring by EPR. We developed a nitroxide carrying a peptide specific to the serine proteases chymotrypsin and cathepsin G. It consists in a tetrapeptide attached as an enol ester to a cyclic phosphorylated nitroxide. Upon enzymatic hydrolysis of the peptide, the enol ester moiety is transformed into a ketone moiety affording a difference of 5G in phosphorus hyperfine coupling constant between the EPR signals of substrate and product. Suc-Ala-Ala-Pro-Phe-Nitroxide constitutes the first probe exhibiting enzymatic selectivity through a line-shifting nitroxide larger than its linewidth. This work was published in Chemistry -A European Journal, as referenced below. In this paper, the organic synthesis and EPR properties of the probe are reported. Jugniot + , Gérard Audran, Jean-Michel Franconi, Sylvain R. A.Marque, Philippe Massot, Philippe Mellet, Elodie Parzy, Eric 

Figure 67 .

 67 Figure 67. Michaelis-Menten plots of MeO-Suc-Ala-Ala-Pro-Val-Nitroxide and Suc-Ala-Ala-Pro-Val-Nitroxide with 1 nM of NE, and Suc-Ala-Ala-Pro-Phe-Nitroxide with 1 nM of chymotrypsin.

  Then, in the aim to test the sensitivity ex vivo, neutrophil activation and degranulation were mimicked by incubating neutrophils in whole blood with A23187 calcium ionophore. Proteolytic response was monitored following MeO-Suc-Ala-Ala-Pro-Val-Nitroxide addition. Stimulation with micromolar concentration of A23187, condition (+), should lead to a rapid and almost complete discharge of azurophilic granules, containing NE. EPR spectra of product formation were compared with assays without A23187, condition (-). The ratio of product concentrations in condition (+) by product concentrations in condition (-) were calculated for each conditions T0, T30-a, T30-b and represented in Figure72.

Figure 72 .

 72 Figure 72. Product formation ratio with and without addition of A23187 for neutrophil degranulation from mouse blood sample. T = Time of incubation at 37°C ; a = 30 minutes incubation of the mix blood/A23187 before addition of substrate ; b = 30 minutes incubation of the mix blood/A23187/substrate.

Figure 74 .

 74 Figure 74. In vivo OMRI of substrate bio-distribution. (A) Intratracheal administration of 25 mM Suc-Ala-Ala-Pro-Val-Nitroxide. (B) Coronal lung slices from a healthy mouse (right column) and an LPS inflammatory mouse model (left column) acquired immediately after substrate administration. OMRI was performed by applying EPR saturation at the frequency of the substrate and compared to the image without EPR saturation (MRI). Scale bar is equal to 10 mm.

Figure 75 .

 75 Figure 75. Correlation of in vivo imaging of Suc-Ala-Ala-Pro-Val-Nitroxide with EPR quantification. Intratracheal administration of 12.5 mM Suc-Ala-Ala-Pro-Val-Nitroxide was immediately follow by BALs collection and analyzed by EPR spectrometry. Experiment was done in triplicate on different mice, healthy (right column) and LPS inflammatory mouse model (left column). Control corresponds to the theoretical substrate concentration present in BAL taking a dilution factor of 100-fold.

Figure 71 .Figure 72 .

 7172 Figure 71. In vivo OMRI of substrate biodistribution. (A) Inratracheal administration of 25 mM Suc-Ala-Ala-Pro-Val-Nitroxide. (B) Coronal lung slices from an healthy mouse (right column) and an LPS inflammatory mouse model (left colomn) acquired immediatly after substrate administration. OMRI was performed by applying EPR saturation at the frequency of the substrate and compared to the image without EPR saturation (MRI). Scale bar is equal to 10 mm.

Figure 76 .

 76 Figure 76. Correlation of in vivo imaging of product with EPR quantification. Intratracheal administration of 100 mM product was immediately follow by BALs collection and analyzed by EPR spectrometry. Experiment was done with N= 8 healthy mice. Control corresponds to the theoretical product concentration present in BAL taking a dilution factor of 100-fold.

Figure 73 .

 73 Figure 73. Correlation of in vivo imaging of product with EPR quantification. Intratracheal administration of 100 mM product was immedialtly follow by BALs collection and analyzed by EPR spectrometry. Experiment was done with N= 8 healthy mice.Control corresponds to the theorical product concentration present in BAL taking a dilution factor of 100-fold.

Figure 77 .

 77 Figure 77. In vivo OMRI of product biodistribution. Intratracheal administration of 250 mM, 250 µM product. Coronal bladder slices from a healthy mouse acquired 30 minutes after product intravenous administration. OMRI was performed by applying EPR saturation at the frequency of the product and compared to the image without EPR saturation (MRI). Scale bar is equal to 10 mm.

Figure

  Figure 78. CarboxyTEMPO.

Figure 79 .

 79 Figure 79. In vivo OMRI of CarboxyTEMPO biodistribution. Inratracheal administration of 25 mM, 70 µM CarboxyTEMPO. Coronal lung slices from a healthy mouse immediately after administration. OMRI was performed by applying EPR saturation at the frequency of the CarboxyTEMPO and compared to the image without EPR saturation (MRI). Scale bar is equal to 10 mm.

  Their hydrolysis was investigated by following product formation against time by EPR. This work was successfully published in Analytical Chemistry as the following reference :Analytical Chemistry, 91,5504-5507 (2019) Depending on the fatty acid chain length, very different enzymatic selectivities were observed. Lipase from Candida Rugosa hydrolyses almost all substrates whereas lipase from Porcine Pancreas type II displays narrow specificity for short fatty acid chain length, typically under C=12, others do not act on substrates at all. Thus, those results shown the potential of shifting-nitroxide probes as easy tools for enzyme activity reporting. Michaelis constants measurements, enzyme titration or enzyme activity monitoring become reliable and efficient with lowcost EPR spectrometer use. Because lipases are important enzymes in physiological, industrial and biotechnological processes, such novel tool would certainly find great interest.

  treatment of solid tumors at the same time. Such smart agents are named "Alkoxynamines" and take advantage of nitroxide detectability. Indeed, alkoxyamine can spontaneously undergo homolysis producing a highly reactive alkyl agent which would induce cancer cell death by apoptosis, and a stable nitroxide which would serve as imaging contrast agent by OMRI. Thereafter, we describe the synthesis of a free alkoxyamine labeled with a peptide Suc-Ala-Ala-Pro-Phe via an amide bond. This alkoxyamine can then be specifically activated by Chymotrypsin and Subtilisin A and is a model for future alkoxyamine-based prodrugs.This work was published in Organic Chemistry Frontiers as the following reference : Bosco, Paul Brémond, Natacha Jugniot, Sylvain R. A.Marque, Philippe Massot, Philippe Mellet, Tataye Moussounda Moussounda Koumba, Elodie Parzy, Angélique Rivot, Eric Thiaudière, Pierre Voisin, Carina Wedl, and Toshihide Yamasaki.

  magnetic field B :nproton = B × gproton ≈ 0.2 × 42.576 ≈ 8.3 MHz nelectron = nproton × g |}|~n•€• g '•€n€• ≈ 8.3 × 660 ≈ 5.4 GHzAnd, we can calculated the penetration depth of the wavelength as :

  i.e., B = 46.5 µT, frequency and depth penetration become usable :nproton = B × gproton ≈ 46.5× 10 .OE × 42.576 ≈ 2 kHz nelectron = nproton × g |}|~n•€• g '•€n€• ≈ 2 × 660 ≈ 130 MhzThus, the electron frequency returns to a more common frequency, as the ones used in clinic ( ≈ 70 MHz at 1.5 T). Importantly, the wavelength allow human imaging with a high penetration :l = ƒ n "}|~n•€• ≈ …× Yc † ‡.ˆ × Yc ‰ ≈ 5 mIn conclusion, we proposed a novel tool for monitoring enzymatic activities. Possible in vivo, monitoring of activities of matrix metalloproteinases MMP-2 and MMP-9, cysteine protease cathepsin B in solid tumors, or NE, CG and chymotrypsin in inflammation, opens the door for a sensitive imaging method of any protease/inhibitor imbalance.Although still at stage of early development, steady progress in molecular OMRI field is expected to drive important clinical transformations in diagnosis and follow-up of disease-related proteases and in drug development. Ultimately, molecular activity imaging will open a novel avenue for personalized medicine.

  

  

  

  

  

  

Figure 57. Typical EPR spectrum of type 3 . nitroxides. Figure 58. Typical EPR spectroscopy of line-shifting nitroxides of type 3 . . Figure 59. Shift in substrate and product EPR spectra. Figure 60. Selectivity in OMRI. Figure 61. Experimental procedure of enzyme titration. Figure 62. Experimental procedure illustrating enzymatic screenings in vitro. Figure 63. Experimental procedure of enzymatic constant determination. Figure 64. Experimental procedure for NE activity determination in blood. Figure 65. Protocol for neutrophil elastase activity determination in BAL fluids. Figure 66. OMRI equipment. Figure 67. Michaelis-Menten plots of substrates. Figure 68. Ex vivo Overhauser-enhanced MRI of proteolysis in BALs. Figure 69. Ex vivo quantitative estimation of proteolysis in BALs by OMRI. Figure 70. Elastase activity in WT and KO-NE mouse BALs. Figure 71. Kinetics of substrates consumption and product formation in blood. Figure 72. Product formation ratio from mouse blood with A23187. Figure 73. Commercial and synthetic nitroxides. Figure 74. In vivo OMRI of substrate bio-distribution. Figure 75. Correlation of in vivo imaging of Suc-Ala-Ala-Pro-Val-Nitroxide with EPR. Figure 76. Correlation of in vivo imaging of product with EPR quantification. Figure 77. In vivo OMRI of product biodistribution. Figure 78. CarboxyTEMPO. Figure 79. In vivo OMRI of CarboxyTEMPO biodistribution.
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						, while
	pancreatic serine protease inhibitor Kazal type 1 (SPINK1) is synthetized by
	specialized pancreatic cells. Major serine protease inhibitor plasmatic
	concentrations are presented in Table 1. Any local protease concentration higher
	than that of the inhibitor will lead to proteolytic activity.		
	α1-antitrypsin (AAT)	1.1-1.6 mg/mL	~ 30 µM	Hepatocytes	Lungs	Hollander et
						al., 2007 ;
						Ferrarotti et
						al., 2012
	α2-macroglobulin (α2-	2.1 ± 0.24 mg/mL	~ 12 µM	Hepatocytes	Lungs	Wilding et al.,
	MG)					1967
	α1-antichymotrypsin	0.25-0.4 mg/mL	~ 6 µM	Hepatocytes	Lungs	Hollander et
	(ACT)					al., 2007 ;
						Calvin	and
						Price, 1986
	Secretory leuko-protease	41 ± 7.6 ng/mL	~ 3 nM	Airway	Lungs	Hollander et
	inhibitor (SLPI)			epithelial		al., 2007
				cells		
	Elafin	0.6 ± 0.5 ng/mL	~ 50 nM	Airway	Lungs	Elgharib et al.,
				epithelial		2019
				cells		
	Pancreatic serine protease	< 16 ng/mL	< 2 µM	Pancreatic	Pancreas	Ogawa, 1988
	inhibitor Kazal type 1			acinar cells		
	(PSTI/SPINK1)					

[

Table 1 . Plasmatic concentrations of major extracellular serine anti-proteases.
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2.1.3. Polymorphonuclear neutrophil : actor in inflammatory process". Their

  

	Foreign body : endogenous, exogenous
	ª Chemical agent : caustic substances, toxin, poisons
	ª Physical agent : trauma, heat, cold, radiations
	Inflammation acts by removing injurious agents and initiating the healing
	process (Nathan, 2002). It involves various modules sequentially acting whose
	activity is generally proportional to the aggression. It consists in defensive cells,
	proteases with chemical mediators. Particularly, neutrophil cells will be
	discussed in point "content in serine proteases has shown to be extensively involved
	in immunological responses and pro-inflammatory actions

Degranulation order Formation order Granule size

  

	Primary granules Secondary granules	Tertiary granules Secretory vesicles
	Myeloperoxidase	Lactoferrin	Gelatinase	CR1
	Neutophil elastase	Lysozyme	Lysozyme	CR3
	Cathepsin G	Collagenase	MMP9	CD14
	Proteinase 3	Gelatinase	Arginase	CD16
	Azurocidin	Cytochrome b558	CD11b/CD18	CD11b/CD18
	Defensins	CD11b/CD18	Cytochrome b558	Cytochrome b558
	Lysozyme	Cathelicidin	Aceltyltransferase	Alkaline phosphatase
	Defensins	Vitronectin	uPa activator	uPa activator
	BPIP	TNF receptor		
	α 1 -Antitrypsin	Heparanase		
		Histaminase		
	First			Last
	Last			First

Table 5 . Crystal structures of the 8 different serine proteases used in this manuscript.

 5 

		Enzyme		Abbrev.	Ligand	Resolution	Reference
	code					(Å)	
	4H4F	Bovine Chymotrypsin		Chymo	Eglin c	1.9	Batra et al., 2013
	1CGH Human Cathepsin G		CG	Suc-Val-Pro-Phe-	1.8	Hof et al., 1996
					P(OPh)2		
	1FUJ	Human Proteinase 3		PR3	-	2.2	Fujinaga et al.,
							1996
	1HNE Human Neutrophil Elastase	NE	MeO-suc-Ala-Ala-	1.84	Navia et al., 1989
					Pro-Ala-CMK		
	1TRN Bovine Trypsin		Trypsin Diisopropyl-	2.2	Gaboriaud et
					phosphofluoridate		al., 1996
	3HGP Porcine Pancreatic Elastase	PPE	FR130180	0.94	Tamada et al.,
							2009
	4Q7Z	Neutrophil Serine Protease 4 NSP4	FFR-CMK	1.4	Lin et al., 2014
	5Z1C	Urokinase	Type	uPA	4-iodobenzylamine	1.45	Jiang et al., 2018
		Plasminogen Activator					

An elastase activity reporter for Electronic Paramagnetic Resonance (EPR) and Overhauser-enhanced Magnetic Resonance Imaging (OMRI) as a line-shifting nitroxide.

  We decided to extend the applications of the substrate presented in the previous article and to apply the line-shifting nitroxide core to monitor NE activity. This article presents the synthesis of substrate MeO-Suc-Ala-Ala-Pro-Val-Nitroxide.

	Among protease-driven diseases, pulmonary inflammatory diseases (e.g., COPD,
	CF) are a major burden worldwide. Excess of neutrophil degranulation rapidly
	leads to an accumulation of active proteases whose concentrations surpass those
	of endogenous protease inhibitors. When released in excess from neutrophil
	granules, active NE is responsible for important lung tissue destruction
	progressively impairing lung function.
	CG, PR3.
	This work was successfully published in Free Radical Biology and Medicine as
	the following reference :
	Natacha Jugniot + , Indranil Duttagupta + , Angélique Rivot, Philippe Massot,
	Colleen Cardiet, Anne Pizzoccaro, Marion Jean, Nicolas Vanthuyne, Jean-Michel
	Franconi, Pierre Voisin, Gilles Devouassoux, Elodie Parzy, Eric Thiaudiere,
	Sylvain R.A. Marque, Abderrazzak Bentaher, Gérard Audran, Philippe Mellet.

Its catalytic properties with NE and various enzymes were studied via EPR spectroscopy. Ex vivo, the substrate was probed in broncho-aleolar lavage fluids from healthy mice or mice with bacterial infection by EPR and OMRI. The role of NE was studied by comparing wild type with mice knocked-out for NE or NE,

  G in their phosphorus hyperfine coupling constant, thus allowing individual quantification (by EPR) and selective visualization (by OMRI) in a mixture. The in vitro kinetic tests indicated that MeO-Suc-Ala-Ala-Pro-Val-Nitroxide is a fast and affine substrate for NE and in a lesser extent for PR3 with Michaelis constants for NE better than its optically analog reference, MeO-Suc-Ala-Ala-Pro-Val-paranitroanilide. It is also illustrated that this substrate is suitable for Overhauser-enhanced Magnetic Resonance Imaging. In infected mouse BALs an activity of the order of 1 nM of NE was successfully detected, thus suitable for in vivo experiments as the dilution factor of 1OO-fold in BAL collection will not exist. High local concentration of enzyme is expected, and would lead to a fast and intense MRI signal enhancement. These results provide a new preclinical tool for ex vivo monitoring of inflammation via NE activity that could lead to promising in vivo results and then, novel clinical method to promote in time lung protection but also any other organ when an inflammation occurs. In vivo studies are currently actively tested.

Table 9 . Enzymatic Michaelis constants for the different substrates. IV. Imaging inflammation in Brocho-alveolar lavages by OMRI.

 9 The use of knocked-out mice complements the results presented in Figure69. Indeed, in mouse knocked-out for NE condition, even though neutrophil accumulate in the lung fluids and degranulate, substrate hydrolysis is drastically decreased because of the absence of NE, thus confirming that NE is a potent enzyme for Suc-Ala-Ala-Pro-Val-Nitroxide hydrolysis and a selective marker of inflammation.Globally, those ex vivo OMRI results correlate well with the EPR ones described in the publicationJugniot et al., 2018 and consolidates this novel molecular 

	BALs investigated for NE activity by EPR and published in Jugniot et al., 2018
	were also tested with OMRI. Results are presented below.
	Experiments on BAL fluids from wild type (WT) mice with or without
	pulmonary bacterial infection were performed using OMRI. Images were
	recorded for 8 hours after adding 1 mM MeO-Suc-Ala-Ala-Pro-Val-Nitroxide in
	BAL samples. A capillary containing the product 1 . at 1 mM in PBS buffer was
	used as reference. Overhauser enhancements were calculated for each
	acquisition by dividing SNR with OMRI on by SNR without OMRI.
	Upon cleavage, the MRI-invisible nitroxide probe (Figure 68-B) can generate
	strong Overhauser enhancements and thus contrasts upon EPR saturation

(Figure

68-A

). The enhancements appear to be dependent on mouse health condition and thus seem to correlate with the infection and inflammatory response severity.

" Notae vero inflammationis sunt quator : rubor et tumor cum calore et dolore "
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The polarization P is defined by the relative difference of state populations :

| N ) -N ß | N ) + N ß which can be derived as a function of the difference in energy ∆E between the αand β-states

where k is the Boltzmann constant and T is the absolute temperature. A bulk magnetization is proportional to P and the magnitude of the magnetic moment.

For nuclei, the polarization in very low as well as the bulk magnetization.

Magnetic Resonance consists in inducing transitions between a and ß states.

Such transitions are driven by electromagnetic waves. Under conventional static field conditions, microwaves are used for EPR and radiofrequency for NMR.

Continuous-wave EPR (CW-EPR) spectra are recorded by putting a sample in a microwave irradiation field of constant frequency ν and sweeping the external magnetic field until the resonance condition is fulfilled : ΔE = hν. Here ν is the wave frequency and h is Plank's constant. The microwave absorption gives an absorption spectrum typically in the first derivative form, plotted against the magnetic field (Figure 38). In NMR, spectra are recorded in the pulsed mode, where the radiofrequency pulse carries out all the possible transitions of a given nucleus. coupling constant shift is represented as dotted lines [START_REF] Efimova | Variable radio frequency proton-electron doubleresonance imaging: Application to pH mapping of aqueous samples[END_REF]. [START_REF] Komarov | In Vivo Extracellular pH Mapping of Tumors Using Electron Paramagnetic Resonance[END_REF].

-H + + H +

Molecular modelling and docking of putative substrates

The first challenge was to design line-shifting nitroxides affine and specific of one of the three enzymes with biomedical relevance introduced earlier : NE, chymotrypsin and uPa. Those capacities were induced by adding various amino acid sequences on the nitroxide core, forming a list of putative substrates.

Different peptide topologies were proposed on the basis of specific and efficient enzyme recognition and then associated in silico to the nitroxide 2 . by replacing the acetate function. The resulting putative substrates were submitted to molecular modeling and docking with target proteases using Molsoft software (San Diego CA, USA). By scoring the number of favorable intermolecular interactions, putative substrates were either accepted or rejected. Particular attention was given to the detection of clashes and to the position of the peptide (i.e., does it fill the recognition site of the target enzyme, and does it fit in the right direction, as illustrated in figures 54-56), as well as the adequate orientation of the C=O of the scissile bond towards the Ser195.

Only successfully pre-screened substrates using computational simulation of candidate substrates to an enzyme were submitted to organic synthesis. This difficult step was achieved and synthetized substrates are presented in Table 6 and Figure 53. 7. EPR parameters of substrates and product. (a) peak to peak linewidth of the fourth line. Parameters were measured in HEPES buffer 50 mM, NaCl 0.15 M at pH 7.4.

EPR frequency was tuned for a selective and effective electron spin saturation of either the substrate at 5425.6 MHz, either the product at 5414.4 MHz (Figure 60-A). Thus, in a mixture this strategy allows an easy and specific monitoring each species separately. On one hand, irradiating a sample with the product EPR frequency will give access to the enzymatic activity. In vivo, irradiating at the EPR frequency of the substrate will give access to its bio-distribution (Figure 60-B).

A B

Figure 60. Selectivity in OMRI. (A)

Fourth EPR peaks optimal frequency excitation of the substrate [START_REF] Natacha | Neutrophil Elastase Activity Imaging: Recent Approaches in the Design and Applications of Activity-Based Probes and Substrate-Based Probes[END_REF] or the product [START_REF] Indranil | Selective On/Off-Nitroxides as Radical Probes to Investigate Non-radical Enzymatic Activity by Electron Paramagnetic Resonance[END_REF]. (B) Spotting of the substrate (left tube) and product (right tube). The first row corresponds to images without electronic saturation and the second row with (modified from [START_REF] Audran | Enzymatically Shifting Nitroxides for EPR Spectroscopy and Overhauser-Enhanced Magnetic Resonance Imaging[END_REF].

mm

The mathematical relationships applying to enzymatic reactions in the presence of high affinity inhibitor of the enzyme have been developed. The reaction may be accounted by the following scheme :

k1

k-1

If [E]0 and [I]0 are the total concentrations of enzyme and inhibitor, respectively,

[E], [I] and [EI] the free enzyme, inhibitor and complex, it follow that :

And,

The measured rates are proportional to the amount of free enzyme in the assay tube, and we can take v0

The terms containing [I] are gathered, and the last two terms are collected and multiplied by [E]0/v0 (equals 1) to give:

Rearranging this gives :

Kinetics of inhibition of serine protease were measured under specific conditions : [E]0 >> ki ([E]0/ki ≥ 100). Then one get: [I]0 = [EI]. We arrive at the equation :

Since inhibitors bind with a 1:1 stoechiometry, a plot of vi versus 

Enzymatic constants determination

When in 1902, Adrian Brown published his work on the rate of hydrolysis of sucrose catalyzed by invertase (b-fructosidase), he showed that when the substrate concentration was much higher than that of the enzyme, the reaction speed became independent of the substrate concentration [START_REF] Brown | Enzyme action[END_REF]. He then conjectured that the global reaction was made of two elemental reactions : first, the formation of a complex between the substrate and the enzyme which then decomposes to give the product and the enzyme, the limiting step. Nowadays, we still utilize his reaction model : We can equate the rate of this process to the change in product concentration as a function of time, where v0 is the initial velocity (M.s -1 ), as follows :

ES synthesis speed rate is equal to the difference between in speed of the two elementary reactions :

Because [ES] cannot be measured experimentally, we need an alternative expression for this term. Except a pre-stationary phase that lasts only a few milliseconds, ES synthesis rate is equal to the speed of its consumption, ie, it ² In buffer :

Substrates were extemporaneously dissolved from powder at various concentration ranging from 2 µM to 2.5 mM in HEPES 50 mM, NaCl 0.15 M, pH7.4. Spontaneous hydrolysis rates were immediately recorded by EPR for 12 hours either at 25°C or 37°C.

² In blood : 

Neutrophil protease activity in blood

Whole blood constitutes a medium with several protease inhibitors at high concentration. We aimed to know if any neutrophil elastase activity could be detected by RPE after forced neutrophil degranulation artificially.

In vivo imaging

Equipment

The equipment for in vivo experiments consists in a MRI machine of 0.2 T providing a permanent magnetic field. The home-built EPR cavity is inserted at the center of the MRI machine (8 MHz) and correspond to an electron frequency of 5.4 GHz and wavelength 5 cm [START_REF] Mellet | New Concepts in Molecular Imaging: Non-Invasive MRI Spotting of Proteolysis Using an Overhauser Effect Switch[END_REF]. The small animal or sample is placed in a cylindrically wound magnet (Figure 66).

Mice

Female C57BL6J mice (Charles River, France) aged 8 weeks and weighing 20-24 g were used. They were maintained under a 12 h light-dark cycle at a temperature of 22 ± 2°C and fed with standard diet and water ad libitum. Animal Quantification of product formation was estimated according to the reference product spot intensity taking homogenous at all times (Figure 69).

Product formation concentration correlates with the OMRI image intensity.

BALs from Pseudomonas A. infected mouse show an enhancement of more than 3-fold after 3 hours of reaction, reaching a maximum of 4.1-fold after 6 hours. This result correlates with the increase in MRI signal intensity visible in Figure 68, which spot at 6 H appears almost as bright as the spot for product reference. This result proves that all the substrate was converted into product since after calculation it effectively correlates with the enhancement in the reference spot.

A clear difference was denoted with the non-infected condition staying at a basal state and corresponding to the spontaneous hydrolysis of the probe (Figure 69).

In inflammatory situation, the neutrophil recruitment leads to an excess of proteases in the lung fluids, including NE, capable of hydrolyses the substrate into product detectable by OMRI. Without inflammatory process, protease/antiprotease balance is maintained and no substrate hydrolysis occurs. Then, to assess the accuracy and specificity of NE detection, the previous experiment was reproduced using mice knocked-out for ELANE gene (ELANE -/-). A clear-cut difference between WT animals and NE animals deficient was observed after 3 hours of enzyme activity (Figure 70-A Thus, the substrate is sensitive enough to raise a signal in blood that reveal the degranulation of neutrophils in natural abundance and despite high concentration of protease inhibitors that reduce the half-life proteolytic activity to milliseconds.

VI. Proteolytic activity in cell cultures by EPR.

To better understand nitroxide fate in the presence of cells, C6 cell cultures were submitted to the addition of different nitroxides (Figure 73 Nitroxide kinetics when added to mouse glioma cells in HEPES media at 37°C.