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Preface

The adult human heart exhibits a limited regenerative capacity after myocardial infarction.

This can sometimes lead to the development of heart failure, a disease with epidemic proportions, burdened with a mortality rate that exceeds most cancers.

Despite considerable advances, available treatments for heart failure are only palliative. Once pharmacological therapies fail, invasive solutions like ventricular assist devices or heart transplantation are the only options. In such a context, a great deal of interest has been focused on cell therapy with the goal of healing the injured myocardium.

Nearly twenty years have passed since the quest for heart repair began. Nevertheless, it is still far from reaching the patients' bedside. However, some important advancements have been made: cell therapy was initially conceived to replace dead cells and boost cardiac function through the delivery of new, fresh, beating muscle cells. Nowadays, we know that this is typically not happening. In most cases, the transplanted cells, regardless of cell type, can quickly die off. Yet, even when all transplanted cells have gone, their beneficial effects are left behind. The main biological concepts that have driven research progress are outlined, along with the key approaches that have been tested as well as a description of EV as a biological entity.

This leads up to chapter four, which is an ensemble of peer-reviewed manuscripts resulting from my thesis work. Finally, in chapters five and six, a general discussion, conclusion and perspectives are presented.

I) Heart Failure 1) The pathology

Heart failure (HF) is a complex clinical syndrome, resulting in the alteration of cardiac function, leading to the incapacity of the heart to deliver a sufficient amount of blood to respond to the needs of the body. It is caused by functional and structural abnormalities of the myocardium which ultimately lead to the failure of cardiac pump and of heart chamber filling.

The most common cause of heart failure is deficiency of the left ventricle (LV), however pericardium, cardiac valves or large vessel dysfunction within the myocardium or endocardium, alone or combined, can be at the origin of this complex syndrome. The main mechanisms resulting in HF are: dysfunction linked to ischemia, ventricle remodeling, excessive neuro-humoral stimulus, abnormal myocyte calcium cycle, excessive or insufficient extracellular matrix proliferation, intense hemolytic overload, and accelerated apoptosis.

The severity of HF is classified as a function of patient symptoms and ability to perform physical activity according to the classes established by the New York Heart Association (Table 1). Three principal forms exist: chronic, acute and transitory. These three forms involve an alteration of the heart Ejection Fraction (EF) that can be reduced (≤ 40 %), or preserved (≥ 41%), as described in Figure 1. 2 

2) Epidemiology

According to the European Society of Cardiology, heart failure affects approximately 1-2%

of the adult population in developed countries, rising with age to as much as 10% in those older than 70 years of age. [START_REF]ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure[END_REF] In general, the overall prevalence of heart failure is increasing, probably fueled by current therapies for cardiovascular diseases, such as coronary artery disease, hypertension or valvular heart disease which allow patients to survive longer. In Europe and in the USA, a forty-year-old carries a risk of developing HF of 1 out of 5.

According to the latest American Heart Association report, more than 18 million Americans over the age of 20 have coronary artery disease, with males being more affected than females.

The estimated incidence of myocardial infarction (MI) exceeds 800,000 attacks per year:

approximately one every 40 seconds. In 2019, it is estimated that more than one million people in the United States alone will be hospitalized for an MI or coronary heart diseases. [START_REF] Benjamin | Heart Disease and Stroke Statistics-2019 Update: A Report From the American Heart Association[END_REF] In France, HF affects approximately 1 million people, [START_REF]L'insuffisance cardiaque en chiffres[END_REF] and despite therapeutic progresses, chronic heart failure remains a deadly disease and a major health problem.

3) Symptoms and diagnosis

The signs and symptoms commonly associated with HF are:

- 

Serum markers

In normal conditions, the proteins contained in cardiomyocytes are absent or minimally represented in the systemic circulation. Upon injury, cardiomyocytes release several of these proteins that are normally intracellular: myoglobin, troponins, creatinine kinase and others.

The appearance in blood of such molecules can be used to recognize myocardial necrosis.

Cardiac troponins I (TnI) and T (TnT) 6 are part of the contractile apparatus of the heart muscle cells and are expressed almost only in the cardiac tissue: therefore, their rise in blood is rather specific of myocardial injury and for such reason, they are the preferred biomarkers for the evaluation of myocardial infarction nowadays a pathological level using cTn assay.

Concerning HF the common markers are Natriuretic peptides know B-type natriuretic peptide (BNP) and N-terminal pro B-type natriuretic peptide (NT-proBNP) . 

4) Main Causes and risk factors

The causes of HF can be varied: coronary disease, arterial hypertension, congenital malformation, valvulopathy, genetic mutations, infectious pathologies and rhythm disorders.

The occurrence of HF is strongly influenced by risk factors. While the presence of a single risk factor can be sufficient to provoke HF, the combination of many factors will increase the risk. Among the factors are notably: diabetes, alcohol and tobacco use, obesity and arterial hypertension, as illustrated in Figure 3. about HF. [START_REF] Katz | Heart Failure: Pathophysiology, Molecular Biology, and Clinical Management[END_REF] Katz compares the failing heart to a tired work horse and treatments to the solutions that the farmer could adopt as reported in Figure 4.

Pharmacological treatments

By whipping the horse using inotropics, ß adrenergic agonists are currently used as a punctual treatment of acute heart failure. However, they worsen prognosis on the long term by adding a strain on the failing heart.

To unload the wagon, and reduce the charge by the inhibition of the renin -angiotensin IIaldosterone system. The inhibition is done using angiotensin-converting-enzyme inhibitors (ACEIs as enalapril, ramipril), antagonists of the mineralocorticoids receptors (as spironolactone) or antagonists of angiotensin II receptors (as valsartan, candesartan). These drugs have been shown to reduce morbidity and mortality [START_REF] Garg | Overview of randomized trials of angiotensin-converting enzyme inhibitors on mortality and morbidity in patients with heart failure. Collaborative Group on ACE Inhibitor Trials[END_REF] and are recommended in all symptomatic patients, whichever the NYHA class. They reduce both pre and afterload on the heart (unloading the wagon) and they also counteract angiotensin-II-driven LV remodeling.

Angiotensin receptor blockers (ARBs) are recommended as a second line in patients not tolerating ACEIs. Diuretic treatment is purely symptomatic and should not be abused, using the lowest efficacious dose. They do not change prognosis. Loop and thiazide diuretics are the most used classes.

Slow the horse: Slow the heart frequency to more homogeneous systoles and diastoles using beta blockers was considered deleterious in the past and has now become a cornerstone of treatment. They reduce the strain on the heart, decreasing blood pressure and slowing down the horse Get a tractor or require device-assisted treatments such as a LV-assist devices or defibrillators. Approximately half of HF deaths are sudden and unexpected due to severe non-tolerated arrhythmias. Implantation of defibrillators reduces the incidence of such events.

All treatments mentioned up to here remain palliative and do not cure the disease itself.

Getting a new horse: Currently, surgery is the only therapy that is truly curative for HF. "reducing… myocardial damage" by addressing some of its root causes (regardless of their etiology), i.e., loss of cardiomyocytes, impaired coronary artery macro-and micro-circulation and disorganization of the extracellular matrix. [START_REF] Shamagian | Perspectives on Directions and Priorities for Future Preclinical Studies in Regenerative Medicine[END_REF][START_REF] Riehle | Key inflammatory mechanisms underlying heart failure[END_REF] Within this framework, cardiac regeneration is more focused on the generation of new cardiac contractile cells (regardless of their source) which could substitute for those which have been irreversibly damaged.

Currently, however, there is compelling evidence that this mechanism is very limited in the adult mammalian heart. [START_REF] Bollini | Triggering Endogenous Cardiac Repair and Regeneration via Extracellular Vesicle-Mediated Communication[END_REF] Thus, while the main objective of this thesis was to assess whether extracellular vesicles could activate signaling pathways leading to re-boost cardiomyocyte proliferation, analysis of the final outcomes rather leads to consider that they improve heart function by alternate mechanisms and are thus better categorized as a cardio-reparative rather than a cardio-regenerating therapy.

.

II) Immune System 1) Properties and overview of the immune system

Immunity is the ability to respond to an attack in order to preserve the integrity of the body. 15 The immune system is composed of cells, molecules, tissues and organs, collectively acting to provide protection.

The immune reaction is a physiological phenomenon (not pathological) and has the role of fighting against the aggression. To this purpose, the body possesses several mechanisms to prevent the attack, starting with physiological barriers (ex. the skin, mucosa etc.), if these barriers are not sufficient and an immune reaction occurs, it acts to eradicate the attack and restore tissue homeostasis. An important role of the immune system is its capacity to distinguish between self & non-self, identify what is dangerous (ex: pathological signals, virus etc.) or not (ex: food). This is called the tolerance of the immune system . 15 There are two types of immune mechanisms that work in collaboration with each other:

the innate immunity acts quickly, is short-lived (~hours to 2-3 days) and unspecific. The acquired immunity acts slowly, taking days to weeks. Acquired immunity is specific, adaptive, and results in the generation of a reservoir of memory cells.

The immunological memory is required in case of a second exposure to the aggressor to respond quicker. The immunity integrates two steps; the innate that halts the infection and the adaptive that clears it. This phenomenon takes place through a dialogue between both. as monocytes and dendritic cells first, then through the recruitment of killer cells as neutrophils, and finally through clearance of dead cells for tissue repair. 15 The cells of the innate immunity are described below:

Innate immunity

-Granulocytes are the most abundant cells in the blood, representing 60-70% of white blood cells. They derive from the hematopoietic stem cells (HSC) in the bone marrow (BM) and are the first cells recruited on site.

-Neutrophils are circulating cells, a granulocyte subset, ready to act. They live only 6-8 hours in the circulation, are very active, and are mainly chemo-attracted.

-Dendritic cells (DC) have a specific morphology. Born in the BM, they are resident in tissues. They recognize antigens by their toll-like receptors (TLR). As an example, TLR4 recognizes lipopolysaccharides (LPS) specific to bacteria. These cells are antigen presenting cells (APC) for CD4+ cells through the lymphatic system. The APC are responsible for: secretion of cytokines, release of inflammatory mediators, and phagocytosis (by endocytosis). The DC forms through the Major Histocompatibility Complex (MHC) a complex with the Antigen (Ag) which is responsible for lymphocytes activation.

-Phagocytes are cells which kill the danger signals non-specifically but can damage tissues if they stay too long on site. They live 1-2 days when activated. In this family eosinophils represent 1-3% of white blood cells. They act by defending the body against parasites. The resident monocytes/macrophages are also other members of this family.

They can act by phagocyting the pathogenic signal directly or indirectly. They can also be The antigen destruction by the phagocytes will occur via oxygen and nitric radicals.

Ultimately the combinatory of phagocytes + APC induces the massive secretion of cytokines in situ.

-Mastocytes are mainly implicated in the induction of inflammation because of their histamine content.

- player is the complement system composed of proteins in the plasma. The system is inactive unless something occurs.

c) Adaptive immunity

Adaptive immunity is divided into two types: the humoral immunity responsible for defending against extracellular organisms, and the cell-mediated immunity defending against intracellular organisms, as illustrated in Figure 6. 15 The adaptive immunity has three specific characteristics:

-Diversitythe expression of billions of T Cell Receptors (TCR) even before encountering an antigen.

-Specificity -only one TCR/peptide, with selection and proliferation of the proper clone when meeting with the Ag.

-Memoryis the property of remembering specific adaptive immune responses, and making a greater and more rapid response in the future if re-exposed to the same pathogen. The lymphocyte population is a major player of the acquired immune system memory. These cells behave in a physiological context by not reacting to self or non-dangerous substances (ex: food) and by reacting to dangerous signals or foreign bodies (ex: microbes).

In a pathological context they can be dysfunctional and not able to react against microbes, thus causing immunodeficiency, furthermore, they can react against the self, creating autoimmune diseases or also react against inoffensive substances, causing allergy. 15 The Figure 13 recapitulates the late immune response process. 

2) Inflammation

The inflammatory response is the physiological reaction built to fight against an aggression.

Different potential events can be the cause such as traumas, infections, tumors and chemical poisoning among others. The cardinal signs are pain, redness, heat, swelling and malfunction.

It is an immediate and local phenomenon that can become systemic (fever). The objective of this reaction is pathogen removal and tissue repair.

a) Inflammation and innate immunity

Composed by:

-Cells: macrophages, NK, DC, mastocytes (tissue) + leukocytes, platelets (blood).

-Vessels: endothelial cells.

-Chemical mediators: Cytokines, chemokines, growth factors, hormones.

Inflammation is organized in 3 steps: the initiation step involves vascularization and is the primary effector. It is due to the vasodilatation of small venules that increase the local blood flow causing redness and heat. The second step is the formation of inflammatory edema due to the increase of small vessels permeability. The third step is accompanied by exudate of water and plasma proteins (histamine, bradykinin, leukotriene), the accumulation of fluid causes pain and swelling.

Cells, plasma and lipid mediators are major players of the inflammatory response.

Cellular mediators are synthesized before inflammation and stored in granules, they are 1 st to be secreted, and are known as vasoactive amines (released by activation of platelets and causing pain) and histamine (released by activation of mastocytes that degranulate thanks to pro-inflammatory cytokines secreted by macrophages).

Plasma mediators as the complement system have the ability to disrupt the membrane of the target pathogen, they stimulate phagocytosis by contact system (kinin) or coagulation system (fibrin).

Finally, the lipid mediators as prostaglandin (cyclooxygenase) and leukotrienes The recruitment of the neutrophils to the inflammatory site and the crossing of the basement membrane by chemotaxis is described in Figure 14. To this goal the following steps are required: the neutrophil is capture by the vessel wall (P-selectin), it rolls (E-selectin), it adheres (integrins -ICAM-1) and lastly migrates (PECAM-1), to the injured tissue, this process is known as diapedesis (Figure 14).

Pathogen recognition is essential for the whole process. Pattern recognition receptors (PRR) bind on pathogen surfaces to proteins known as damage associated molecular pattern (DAMP) and pathogen associated molecular pattern (PAMP). Among many receptors are the mannose receptors, TLRs, scavenger receptors, Fc receptors, complement receptors. The pathogen process of destruction can be done by intracellular lysis (degranulation of proteases or oxidative burst, phagocytosis) or extracellular lysis (degranulation of proteases or net DNA secreted by the neutrophil to trap the bacteria with proteases while dying).

The repair and resolution of inflammation, and ultimately the restoration of tissue integrity is an active phenomenon, not simply the deactivation of the inflammation process. Proresolutive mediators (arachidonic acid) are synthetized from lipoxin instead of prostaglandin and leukotriene. Synthesis of resolvins and protectins stimulates the elimination of microbes and apoptotic cells as well as the phagocytosis performed by pro-resolutive macrophages and the secretion of anti-inflammatory cytokines (ex: IL-10 and TGFb). 15 Leading to an elimination of inflammatory stimuli and generation of anti-inflammatory mediators. Then a stoppage of neutrophil infiltration, an increase of resolutive monocytes infiltration, a decreased of vascular permeability occurs gradually leading to homeostasis and elimination of apoptotic neutrophils.

If the scenario becomes pathological and no resolution of the inflammation occurs, chronic inflammation is installed, lasting for months or even years, becoming a systemic and uncontrolled process leading to tissue destruction and hyper-activation of inflammatory cells and strong secretion of pro-inflammatory mediators.

Inflammation is more generally associated with the innate immune response, however, increasing experimental and clinical evidence has highlighted its importance in antigen-driven adaptive immune responses.

a) Inflammation and acquired immunity

The components of adaptive immunity include memory cells which are probably also responsible for stimulating the chronic nature of inflammation. This new scenario supports that lymphocytes cooperate with innate immune cells and collectively orchestrate the inflammatory response . [START_REF] Vincenzo | Adaptive Immunity and Inflammation[END_REF] The interaction between adaptive immunity and the inflammatory process draws particular attention to the role of pro-inflammatory Th, Treg, T cell derived cytokines in autoimmune, cardiovascular and infectious diseases. [START_REF] Maione | Interleukin-17A Exacerbates Ferric Chloride-Induced Arterial Thrombosis in Rat Carotid Artery[END_REF][START_REF] Zambrano-Zaragoza | Th17 cells in autoimmune and infectious diseases[END_REF][START_REF] Choi | The Nuclear Receptor PPARs as Important Regulators of T-Cell Functions and Autoimmune Diseases[END_REF][START_REF] Zlatanova | Immune Modulation of Cardiac Repair and Regeneration: The Art of Mending Broken Hearts[END_REF] These studies highlight the importance of lymphocyte involvement during acute and chronic inflammation. [START_REF]Live Combined Bacillus subtilis and Enterococcus faecium Ameliorate Murine Experimental Colitis by Immunosuppression[END_REF][START_REF]Contradictory Immune Response in Post Liver Transplantation Hepatitis B and C[END_REF][START_REF] Pereira Da Silva | Neurotensin decreases the proinflammatory status of human skin fibroblasts and increases epidermal growth factor expression[END_REF] 

3) Allo recognition, transplantation and immunosuppressive treatments

Many pathologies, such as auto-immune inflammatory diseases, degenerative diseases or heart failure can lead to organ, tissue or cell transplantation. Autograft is when a patient receives an organ, tissue or cells from itself, the allograft is the inverse, the patient and the donor are different individuals. The allorecognition is the term used to define immunological recognition of histoincompatible antigens between genetically disparate individuals within the same species.

One of the obstacles of transplantation is rejection, leading to graft destruction by the immune system. The recipient immune system recognizes Ag from the donor as non-self and triggers an immune rejection in the absence of immuno-suppression. There are three types of immune rejection. [START_REF] Moreau | Acute-on-chronic liver failure is a distinct syndrome that develops in patients with acute decompensation of cirrhosis[END_REF] The hyperacute, the humoral acute and cellular acute rejection.

The Hyperacute rejection occurs in less than 0.5% of cases. The use of suppressors preventive to the treatment (desensitization) as well as screening for cross match and ABO blood group compatibility can avoid this reaction. In the patient serum, antibodies recognize the endothelial cells of the graft causing coagulation.

The cross match test consists of the search for antibodies of the recipient against the MHC (or human leukocyte antigens (HLA)) of the donor (B and T cells) via flow cytometry for example. If there is fixation of the donor lymphocytes on the donor serum, the cross-match is positive and desensitization is necessary to enable the graft from an ABO incompatible donor.

Humoral acute rejection uses the same mechanism described above but there is time for cell adhesion before coagulation. It is the most frequent kind of acute rejection and occurs because of presensitization (previous acquired immunity by pregnancy, blood transfusion, previous transplantation) resulting in the production and stock of memory cells. The rejection can act for example by ADCC cells. The preventive treatment is desensitization removal of Ab by plasmapheresis.

Cellular acute rejection is divided into two arms; the direct one via donor APC with MHC+peptide engendering acute rejection, and indirect one via the recipient APC (recipient MHC, donor derived peptide) engendering chronic rejection (Figure 15).

The nature of allo-antigen is the MHC (or HLA) system, which in humans is polymorphic and co-dominant. The immunosuppressive drugs target T cells: especially CD3 (signalization), signal (mTor inhibitor), blockers of the cell cycle or calcineurine inhibitors (tacrolimus for example). We addressed this point here because the use of cellular therapy or acellular therapy for heart failure demand the investigation of the potential immunogenicity of the administrated biological product.

4) Inflammatory response after myocardial infarction a) Cardiac remodeling

In mammals, the sudden loss of cardiomyocytes after MI exceeds the limited regenerative capacity of the myocardium and a fibrotic scar is formed. The necrotic cells provoke the release of dangerous signals activating immune pathways and initiate an intense inflammatory response.

The induction of cardiac remodeling proceeds through cellular and molecular changes in size, shape and function. [START_REF] Martin | Left Ventricular Remodeling After Myocardial Infarction[END_REF][START_REF] Prabhu | Post-infarction ventricular remodeling: an array of molecular events[END_REF] It is primed by an intense sterile inflammation followed by an infiltration of immune cells to eliminate the necrotic cardiomyocytes and the extracellular matrix. Thus, during this period, the neutrophil, monocyte/macrophage, DC and lymphocyte populations significantly increase in the myocardium. This first phase lasts ~ 3 to 4 days in mice, and is followed by a reparative phase during which the inflammation is attenuated. This attenuation is caused by the polarization of immune cells towards an immunomodulatory profile, the proliferation of fibroblasts and a neo-vascularization which facilitates scarring. 

Endothelial cells

Endothelial cells are the second most abundant population 27 in the heart. Leucocyte infiltration in the injured tissue requires the endothelial activation via expression of selectins (P and E selectins). The selectins bind to neutrophils and monocytes. This capture is followed by rolling through the endothelium and the trans-vascular diapedesis occurs. 28

Neutrophils

Neutrophils are the first immune cells to infiltrate the myocardium after MI in response to the inflammatory mediators such as cytokines, chemokines and components of the complement. [START_REF] Frangogiannis | Regulation of the inflammatory response in cardiac repair[END_REF][START_REF] Yan | Temporal dynamics of cardiac immune cell accumulation following acute myocardial infarction[END_REF] This infiltration depends on the interaction of adherent molecules present on the leucocyte and the endothelium, as mentioned previously, and continues until the junction of endothelial cells pass through the basal membrane. [START_REF]Improved Generation of Induced Cardiomyocytes Using a Polycistronic Construct Expressing Optimal Ratio of Gata4, Mef2c and Tbx5[END_REF] Once in the infarcted area, neutrophils release proteolytic enzymes and contribute to the elimination of dead cells and matrix debris. This neutrophil penetration drives the amplification of the immune response. 31

Monocytes

Cardiac remodeling is separated in two waves with regard to the recruitment of monocytes. [START_REF] Chen | The functional heterogeneity of resident cardiac macrophages in myocardial injury: CCR2+ cells promote inflammation, whereas CCR2-cells protect[END_REF] First, a recruitment of Ly6C high pro-inflammatory monocytes occurs via IL-1 [START_REF] Dewald | CCL2/Monocyte Chemoattractant Protein-1 regulates inflammatory responses critical to healing myocardial infarcts[END_REF] and anti-inflammatory monocytes Ly6C low are then mobilized during the reparative phase to minimize the inflammatory response. These two populations of monocytes migrate to the heart from the BM and the spleen. 34

Lymphocytes

Experimental studies in a rat model suggest activation of cytotoxic T lymphocytes after infarction. [START_REF] Yan | Temporal dynamics of cardiac immune cell accumulation following acute myocardial infarction[END_REF] The CD4+ and CD3+ T cells rapidly colonize the infarcted heart, whereas B cell upregulation peaks in the 6 th day. The lymphocyte activation occurs after recognition of autologous antigens in the myocardium through the BCR and TCR receptors. In vitro data have shown that lymphocytes can likely exert cytotoxic effects on healthy CM. [START_REF] Varda-Bloom | Cytotoxic T lymphocytes are activated following myocardial infarction and can recognize and kill healthy myocytes in vitro[END_REF] Likewise, the B lymphocytes can stimulate the recruitment of Ly6C high pro-inflammatory monocytes.

Fibroblasts

The adult myocardium comprises an abundance of fibroblasts. Under physiological conditions, these cells play a role in the maintenance and renewal of the extracellular matrix. [START_REF] Souders | Cardiac fibroblast: the renaissance cell[END_REF] After an MI, fibroblasts acquire a pro-inflammatory phenotype in response to DAMP and ROS stimuli and secrete important amounts of pro-inflammatory cytokines . 37 38 Fibroblast inflammatory activation inhibits the expression of alpha-actin of smooth muscle cells and the myo-fibroblast conversion. The inhibition will be lifted only after removal of dead cells and matrix debris.

Resident mastocyte and macrophages

As many organs, the heart has its own reserve of resident macrophages the origin of which remains uncertain. [START_REF] Pinto | Revisiting Cardiac Cellular Composition[END_REF][START_REF] Epelman | Role of Innate and Adaptive Immunity in Cardiac Injury and Repair[END_REF] When a MI occurs, resident macrophages die and are replaced by new macrophages derived from pro-inflammatory monocytes. Thereafter, the number of macrophages increases along with cardiac remodeling. After neutrophils, monocytesmacrophage are the most abundant cell population in the infarcted myocardium

The extracellular matrix

All cardiac cells are implicated in the maintenance of the extracellular matrix network.

In addition to its mechanistic role of support, this matrix permits the transfer of molecular signals and actively participates in the regulation of inflammatory responses during the two phases of cardiac repair. [START_REF] Dobaczewski | The extracellular matrix as a modulator of the inflammatory and reparative response following myocardial infarction[END_REF] Its fragmentation constitutes an essential stimulus for the activation of the inflammatory cascade via the release of collagen and fibrin fragments. [START_REF] Trial | Fibronectin fragments modulate monocyte VLA-5 expression and monocyte migration[END_REF] c) Reparative phase and different cells

The transition towards a reparative phase after MI is caused by the microenvironment changes.

Monocytes, macrophages and dendritic cells

The second phase (~ 7 days post-MI) is the tissue repair characterized by the enrollment of anti-inflammatory cells such as Ly6C low monocytes and M2-type macrophages. The enrollment goes with the high expression of anti-inflammatory, pro-fibrotic and angiogenic factors (IL-10, TGF-β and VEGF) [START_REF] Korf-Klingebiel | Myeloid-derived growth factor (C19orf10) mediates cardiac repair following myocardial infarction[END_REF] and the rise of DC which play a key role in the resolution phase, healing and angiogenesis. [START_REF] Schuleri | Autologous mesenchymal stem cells produce reverse remodelling in chronic ischaemic cardiomyopathy[END_REF][START_REF] Hofmann | Activation of CD4+ T lymphocytes improves wound healing and survival after experimental myocardial infarction in mice[END_REF] T lymphocytes

The T (CD4 + and CD8+) lymphocytes are essential for the pro-angiogenic macrophage recruitment and collateral arteries formation [START_REF] Stabile | Impaired arteriogenic response to acute hindlimb ischemia in CD4knockout mice[END_REF] contributing to the suppression of the inflammatory response. [START_REF] Stabile | Impaired arteriogenic response to acute hindlimb ischemia in CD4knockout mice[END_REF] The role of Treg accumulation has also been highlighted with a switch from a pro-inflammatory to a pro-regenerative state. These muscle Treg cells express the growth factor as example the amphiregulin, which acts directly on muscle satellite cells in vitro and improves muscle repair in vivo. 44

Endothelial and vascular cells

After MI, a pro-angiogenic robust response arises subsequent to the increased expression of the endothelial-vascular growth factor VEGF. This augmentation occurs in the healthy tissue containing the peri-infarcted CM and endothelial cells. [START_REF] Frangogiannis | Regulation of the inflammatory response in cardiac repair[END_REF][START_REF] Li | VEGF, flk-1, and flt-1 expression in a rat myocardial infarction model of angiogenesis[END_REF] The vessel maturation involving pericytes and myocytes during the reparative phase results in the reduction of vessel permeability and infiltration of immune cells. [START_REF] Zymek | The role of platelet-derived growth factor signaling in healing myocardial infarcts[END_REF] Another study has shown that engraftment of pericytes in the infarcted border zone attenuated vascular permeability, reduced leucocyte infiltration and increased angiogenesis thereby attenuating myocardium remodeling. [START_REF] Chen | Human Pericytes for Ischemic Heart Repair[END_REF] d) Late cardiac remodeling phase

The murine cardiac remodeling described above is composed of two distinct phases: an acute inflammation and a massive cellular infiltration lasting 0 to 4 days post MI, followed by a resolution of the inflammatory phase aimed at tissue repair and lasting until the 14 th day post MI. After both events, a progressive dilation can occur and lead to a chronic heart failure.

This evolution can cause a new inflammatory phase. [START_REF] Prabhu | The Biological Basis for Cardiac Repair After Myocardial Infarction: From Inflammation to Fibrosis[END_REF] This third phase is dependent on several conditions among which the infarct size and the initial immune response characterized by the rise in macrophages and T lymphocytes and the expression of adherent molecules on endothelial cells. [START_REF] Devaux | Upregulation of cell adhesion molecules and the presence of low grade inflammation in human chronic heart failure[END_REF] The late cardiac remodeling may be partly explained by the incomplete or altered inflammatory resolution of the myocardial inflammation and extensive lesions amplified over time. An overview of these different phases is described in Figure 17. 

III) Cellular and acellular therapies

The regenerative capacity of organs is an essential feature to maintain tissue homeostasis throughout life. Regeneration has been a major topic of research in the attempt to better understand why some organisms and not others are able to regenerate, and which factors enable them to do so. Vertebrates such as zebrafish are able to regenerate many structures, including the heart muscle. [START_REF] Poss | Heart regeneration in zebrafish[END_REF][START_REF] Tanaka | Regeneration: if they can do it, why can't we?[END_REF] When it comes to mammals and in particular to humans, it is known that some organs and tissues are capable of regeneration, such as epidermis or the liver, while others are allegedly not, such as the brain, because the organ is terminally differentiated. The heart is one of these differentiated organs, meaning that the number of cardiac cells is determined at birth.

Over the past two decades when the scientific era of stem cell biology emerged, studies were published that challenged this biological assumption of a post-mitotic heart, and it is now recognized that the heart harbors a pool of stem cells and is to some extent capable of regeneration. [START_REF] Chien | Regenerating the field of cardiovascular cell therapy[END_REF][START_REF] Eschenhagen | Cardiomyocyte Regeneration: A Consensus Statement[END_REF][START_REF] Tara | Getting to the Heart of Myocardial Stem Cells and Cell Therapy[END_REF][START_REF] Mark | Survey of Studies Examining Mammalian Cardiomyocyte DNA Synthesis[END_REF] Such concepts encouraged major advances in cardiac developmental biology but mostly they gave hope for cardiac regenerative medicine. Although cardiac proliferation has been described [START_REF] Bergmann | Evidence for cardiomyocyte renewal in humans[END_REF] and there is evidence for heart regeneration early after birth, [START_REF] Wu | Developmental origin of a bipotential myocardial and smooth muscle cell precursor in the mammalian heart[END_REF] the regenerative potential of the adult heart is modest and only serves homeostatic purposes but it cannot repair the extensive damage resulting from the loss of contractile myocytes post infarction (approximately 1 billion) that will evolve to scar formation and heart failure. Because cardiomyocyte renewal of the adult heart is very limited, the appropriate therapy would be the one which would successfully replace lost cardiac tissue. This is why many researchers have been working to find efficient alternatives to current therapies through repopulation of damaged areas either by replacing tissue loss with the delivery of exogenous stem cells to replace dead myocytes or rather by enhancing the endogenous reparative process of the heart.

In this context, cell therapy appears as a promising strategy. Among all the cell types that have been tested, stem cells are the most attractive due to their differentiation potential and scalability.

Stem cells are undifferentiated cells capable of both generating differentiated cells and selfrenewing through asymmetric division. They can be: the zygote).

-Pluripotent: they can generate almost all cell types, excluding extra-embryonic tissues such as the placenta. They include embryonic stem cells (ESC) and induced pluripotent stem cells (iPSC).

-Multipotent: adult stem cells able to generate a diverse set of differentiated cell types originating from the same embryonic layer.

-Unipotent: precursor stem cells that can only differentiate to one cell type. (i.e., satellite cells)

Several clinical trials have now tested cell therapy in a variety of diseases including spinal cord injury, [START_REF] Priest | Preclinical safety of human embryonic stem cell-derived oligodendrocyte progenitors supporting clinical trials in spinal cord injury[END_REF] age-related macular degeneration, [START_REF] Schwartz | Human embryonic stem cell-derived retinal pigment epithelium in patients with age-related macular degeneration and Stargardt's macular dystrophy: follow-up of two open-label phase 1/2 studies[END_REF] Parkinson's disease, [START_REF] Kikuchi | Human iPS cell-derived dopaminergic neurons function in a primate Parkinson's disease model[END_REF] joint damage [START_REF] Diekman | Stem cell-based therapies for osteoarthritis: Challenges and opportunities[END_REF] or diabetes. [START_REF] Rahim | Stem cell therapy for patients with diabetes: a systematic review and meta-analysis of metabolomics-based risks and benefits[END_REF] Regarding heart diseases, a myriad of studies have shown that various stem cell populations (e.g.: skeletal myoblasts, bone marrow mononuclear cells, bone marrow-, umbilical cord-and adipose-derived mesenchymal cells, putative c-kit+ cardiac stem cells, cardiospheres) have the potential to improve cardiac function or to attenuate cardiovascular pathologies. 64

1) Cellular cardiac regenerative medicine

Cardiac regenerative pre-clinical and clinical studies can be divided in three generations [START_REF]Translational cardiac stem cell therapy: advancing from first-generation to nextgeneration cell types | npj Regenerative Medicine[END_REF] as illustrated in Figure 18.

The first generation was launched in the 90s aimed at remuscularizing heart tissue with differentiated mature cells. [START_REF] Murry | Skeletal myoblast transplantation for repair of myocardial necrosis[END_REF] Many cellular sources were used. The first to be tested were skeletal myoblasts, selected because of their muscular phenotype, ability to contract, easy availability (muscular biopsy) and in vitro expansion potential. Researchers tried to integrate these cells into the myocardium expecting they would acquire a cardiac phenotype and ameliorate heart contractibility. Pre-clinical studies demonstrated such an improvement [START_REF] Dowell | Myocyte and myogenic stem cell transplantation in the heart[END_REF] and the ability of myoblast to form myotubes but without evidence for an electro-mechanical integration. Encouraging data from a phase I study then led to the multicenter MAGIC phase 2 trial which, however, failed to meet its primary efficacy end point and raised some concerns related to the occurrence of arrythmias. [START_REF] Menasché | The Myoblast Autologous Grafting in Ischemic Cardiomyopathy (MAGIC) trial: first randomized placebo-controlled study of myoblast transplantation[END_REF] Overall, the lack of evidence for myoblast differentiation into fully functional and electromechanically coupled cardiomyocytes has led to the progressive abandonment of the technique. Another cell type tested to promote cardiac repair were bone marrow-derived cells (BMC) based on the theoretical plasticity of adult stem cells capable of transdifferentiating into cells types of other lineages. This cell type was particularly attractive because of its accessibility, simplicity of use and a long-standing safety record of hematopoietic stem cell transplantation in hematological diseases. At the beginning of the 2010s, different pre-clinical studies reported successful trans-differentiation and repopulation of the ischemic myocardium by bone marrow-derived mononuclear cells or unfractioned cells. [START_REF] Orlic | Bone marrow cells regenerate infarcted myocardium[END_REF][START_REF] Jackson | Regeneration of ischemic cardiac muscle and vascular endothelium by adult stem cells[END_REF] These seemingly promising studies led to multiple clinical trials but most of them have failed to show clinically meaningful improvements in patient outcomes and it is now recognized that BMC do not transdifferentiate into new cardiomyocytes and that their beneficial effects, when present (and usually at a limited extent), are probably due to their angiogenic properties. In general, also this cell type is now being discarded due to the lack of a solid body of evidence.

Finally, mesenchymal stem cells (MSC) are adult stromal stem cells capable of differentiating towards both mesoderm and non-mesoderm derived cells [START_REF] Caplan | Mesenchymal stem cells[END_REF][START_REF] Williams | Mesenchymal stem cells: biology, pathophysiology, translational findings, and therapeutic implications for cardiac disease[END_REF] and which feature attractive angiogeneic, anti-inflammatory and immune-evasive properties. Regardless of the tissue source (bone marrow, adipose tissue, umbilical cord primarily), they have shown benefits in ischemic heart preclinical models. [START_REF] Toma | Human mesenchymal stem cells differentiate to a cardiomyocyte phenotype in the adult murine heart[END_REF][START_REF] Noiseux | Mesenchymal stem cells overexpressing Akt dramatically repair infarcted myocardium and improve cardiac function despite infrequent cellular fusion or differentiation[END_REF] Clinical trials like POSEIDON have likewise reported improved patient outcomes including when cells were of allogenic origin (a major practical advantage) which supports the ability of these cells to transiently escape the immune system but these results still need to be further confirmed by larger placebo-controlled trials. [START_REF] Hare | Comparison of allogeneic vs autologous bone marrow-derived mesenchymal stem cells delivered by transendocardial injection in patients with ischemic cardiomyopathy: the POSEIDON randomized trial[END_REF] In Desgres et al, a summarized study for completed or ongoing trials concerning pluripotent stem cells discusses their potential mechanisms of action, and considers how to address the challenges required for them to become a major therapy, using heart repair as a case study. [START_REF] Desgres | Clinical Translation of Pluripotent Stem Cell Therapies: Challenges and Considerations[END_REF] Overall, preclinical and clinical studies have demonstrated safety and feasibility of cell transplantation while drawing attention to the fact that in contrast to the initial expectations, grafted cells do not seem to generate new cardiac muscle but rather seem to improve heart function "trough non-cardiogenic mechanisms". [START_REF] Murry | Skeletal myoblast transplantation for repair of myocardial necrosis[END_REF] The second generation of cell therapies has then attempted to repair the heart with cells committed to a cardiac lineage with the hope that such a phenotype was more likely to promote regeneration of the injured tissue.

The use and discovery of cardiac stem cells (CSC) or cardiovascular progenitors cells (CPC)

expressing stem cells markers like c-kit, Sca-1, MDR-1and ISL1, [START_REF] Bu | Human ISL1 heart progenitors generate diverse multipotent cardiovascular cell lineages[END_REF] capable of differentiation into new cardiomyocytes [START_REF] Laugwitz | Postnatal isl1+ cardioblasts enter fully differentiated cardiomyocyte lineages[END_REF] and endothelial cells were then the main hopes for cardiac repair.

These cells could be harvested from the heart itself, expanded in culture and reinjected to repopulate necrotic areas but only two clinical trials (SCIPIO and CADUCEUS) using c-kit+ and cardiospheres derived cells, respectively, have been carried out and their results are nonconclusive. Regardless of the results, a common characteristic of all trials is that even these cells are not able to differentiate into well-characterized adult cardiomyocytes. This has led scientists to look for a way of generating functional cardiomyocytes and the first source for this approach has been represented by embryonic stem cells (ESC). ESC are pluripotent cells derived from the blastocyst's inner mass. They were first isolated in 1998 by Thomson et al. [START_REF] Thomson | Embryonic stem cell lines derived from human blastocysts[END_REF] ESC can be guided to cardiac differentiation through the in vitro replication of the conditions that normally drive mesodermal and cardiac development in the embryo. There are three main pathways involved to differentiate ESC: the bone morphogenic proteins (BMPs), the WNT pathway proteins and fibroblast growth factors. [START_REF] Takahashi | Induction of pluripotent stem cells from mouse embryonic and adult fibroblast cultures by defined factors[END_REF] The iPSC behave as ESC and do not need the destruction of the blastocyst to generate new cells but can rather be collected from skin fibroblasts for example. Moreover, the differentiation towards a cardiac lineage from iPSC is possible.

Retrospectively, it is worth mentioning that pluripotent stem cells, embryonic or induced, are the only cells that can be truly defined as stem cells in that they fully embody all parameters of stemness definition. First generation cells as well as the so-called cardiac stem cells did not prove able to transdifferentiate into cardiomyocytes except under rare and exceptional circumstances as well as they did not appear to be able to do so routinely in vivo.

2) Acellular therapies or next generation

Interestingly, numerous studies have accumulated over the last years showing that the therapeutic benefits of many stem cell-based therapies cannot be attributed to stem cell survival and/or differentiation, and are, rather, due to factors released by the transplanted cells that may stimulate endogenous injury repair [START_REF] Gnecchi | Paracrine mechanisms in adult stem cell signaling and therapy[END_REF] . This so-called 'paracrine hypothesis' of cell therapy is primarily based on the consistent finding that the functional benefits of cell therapy can be observed at a time where cells have been cleared from the grafted tissue. [START_REF] Bellamy | Long-term functional benefits of human embryonic stem cell-derived cardiac progenitors embedded into a fibrin scaffold[END_REF] This hypothesis was first formulated in 2005 after studies on mesenchymal stem cells (MSC) as a potential therapy for acute myocardial infarction and it is based on the fact that cells, MSC in particular, are able to produce and release several soluble factors that exert a cardioprotective effect [START_REF] Gnecchi | Paracrine action accounts for marked protection of ischemic heart by Akt-modified mesenchymal stem cells[END_REF] (Figure 19) . [START_REF] Shamagian | Perspectives on Directions and Priorities for Future Preclinical Studies in Regenerative Medicine[END_REF] Researchers found that administering to ischemic cardiomyocytes in vitro the conditioned culture medium in which mesenchymal cells had been grown, recapitulated the same beneficial effects that had been seen with direct MSC transplantation.

Results have been replicated in vivo. [START_REF] Takahashi | Cytokines produced by bone marrow cells can contribute to functional improvement of the infarcted heart by protecting cardiomyocytes from ischemic injury[END_REF] These paracrine mediators include various proteins, chemokines, cytokines, growth factors, exosomes (Exo) and other extracellular vesicles (EV) themselves packed with other factors, like microRNAs. All these molecules play an important role in myocardial protection, by acting on cardiac metabolism, inflammatory related pathways and possibly also stimulation of endogenous regeneration by activating resident cardiac cells. They also trigger neovascularization and can mitigate the cardiac remodeling process. The concept of paracrine signaling gave also more importance to the microenvironment in which stem cells thrive. The paracrine hypothesis marked a juncture toward next generation cell-free approaches to deliver only the supposedly beneficial paracrine factors. These therapies, being cell free, have the advantages of being much safer and easier to formulate and to deliver, being much closer to a pharmacological compound than cells.

Among acellular therapies, different factors have been tested. Growth factors like G-CSF or VEGF have been investigated, but showed no improvements compared to controls. [START_REF] Stewart | VEGF gene therapy fails to improve perfusion of ischemic myocardium in patients with advanced coronary disease: results of the NORTHERN trial[END_REF][START_REF] Engelmann | Autologous bone marrow stem cell mobilization induced by granulocyte colony-stimulating factor after subacute ST-segment elevation myocardial infarction undergoing late revascularization: final results from the G-CSF-STEMI (Granulocyte Colony-Stimulating Factor ST-Segment Elevation Myocardial Infarction) trial[END_REF] Also implicated in paracrine signaling are micro-RNAs (miRNAs). Hundreds of micro-RNAs have been studied for their role in cardiovascular development and disease [START_REF] Van Rooij | MicroRNA therapeutics for cardiovascular disease: opportunities and obstacles[END_REF] and some have been implicated in cardiac repair with several preclinical studies proving their beneficial potential. [START_REF] Zangi | Synthetic MicroRNAs Stimulate Cardiac Repair[END_REF][START_REF] Borden | Transient Introduction of miR-294 in the Heart Promotes Cardiomyocyte Cell Cycle Reentry After Injury[END_REF] While paracrine factors keep on being studied and characterized and new ones are yet to be discovered, there is growing evidence and scientific belief that many are contained in EV that would deliver them from one cell to another. Not only EV would be a concentrate of beneficial factors, but they would also constitute a perfect cell-to cell delivery system because their lipid bilayer protects their cargo from degradation. In addition, an advantage of EV is that they do not seem to be immunogenic, at least depending on their mother cells. By virtue of their rich cargo and their limited constraints in terms of production and delivery, EV constitute a very interesting biotherapeutic entity. Various studies have shown how EV recapitulate the effects of their parent cells in pre-clinical models of ischemic heart injury [START_REF] Adamiak | Induced Pluripotent Stem Cell (iPSC)-Derived Extracellular Vesicles Are Safer and More Effective for Cardiac Repair Than iPSCs[END_REF][START_REF] Barile | Beneficial effects of exosomes secreted by cardiacderived progenitor cells and other cell types in myocardial ischemia[END_REF][START_REF] Chen | Cardiac progenitor-derived exosomes protect ischemic myocardium from acute ischemia/reperfusion injury[END_REF] and the therapeutic potential of these particles has also been tested with success in many other areas including retinal damage, [START_REF] Farber | Embryonic Stem Cell-Derived Microvesicles: Could They be Used for Retinal Regeneration?[END_REF] neurodegenerative diseases [START_REF] Vella | Focus on Extracellular Vesicles: Exosomes and Their Role in Protein Trafficking and Biomarker Potential in Alzheimer's and Parkinson's Disease[END_REF] and cancer immunotherapy. [START_REF] Escudier | Vaccination of metastatic melanoma patients with autologous dendritic cell (DC) derived-exosomes: results of thefirst phase I clinical trial[END_REF][START_REF] Andre | Malignant effusions and immunogenic tumour-derived exosomes[END_REF] a) Extracellular vesicles

The EV are small spherical particles delimited by a lipid bilayer containing cytoplasmic components that shuttle from cell to cell to transfer their content and allow inter-cellular communication, Pan and Johnstone were the first to describe EV in 1983. [START_REF] Pan | Fate of the transferrin receptor during maturation of sheep reticulocytes in vitro: selective externalization of the receptor[END_REF] Initially the role of EV role was thought to be cellular waste elimination; then studies have shown their importance for cell to cell communication in physiological and pathological contexts 100- 102,102-104 . The EV are present in the prokaryote kingdom as in the eukaryote and in all biological fluids (blood, urine, tears, saliva, maternal milk, bile and seminal liquid) as well in conditioned cellular medium. 105,106 There are several types of EV and each one has its own structural and biochemical properties depending on their size and biogenesis that affect probably their function. They are classified in three categories: the microvesicle (MV) originating from the plasma membrane sprouting, 107 the Exo derived from multi-vesicular bodies that then fuse with the plasma membrane 108,109 and the apoptotic bodies released by the fragmentation of apoptotic cells. Besides the release mode, EV size is use for their classification. In general, MV are in the range of 100-1000nm and are more recently referred now as large vesicles, while Exo are in the range of 30-150nm and referred as small particles. 110 For many years the nomenclature and size of EV have been subject to controversies. 111,112 Nevertheless, basic requirements are now stablished by the International Society of Extracellular Vesicles (ISEV) which has drafted guidelines to help normalizing their characterization. 113 In that respect identification only by their size is not sufficient as sizes overlap. The biogenesis and EV content are essential criteria for EV characterization.

b) Biogenesis

The biogenesis of Exo, MV and apoptotic bodies is illustrated in the Figure 20 and will be detailed below 114 . 

Exosomes

Derived from the endosomal system and synthetized as intraluminal vesicles (ILV) in the multi-vesicular bodies (MVB). The endosomes sprout from the invagination of the plasma membrane and are divided in distinct compartments: early, late and recyclable endosomes. 115 Throughout the formation of early endosomes, ILV incorporate specifically proteins, lipids, nucleic acids and the cytosol. This content is designated to degradation, recycling or exocytosis. 116 The remaining early endosomes become late endosomes through a series of transformations 117 and accumulate in the ILV by the sprouting of the endosomal membrane.

Over the process, cytosolic proteins, nucleic acids and lipids are sorted out in small vesicles.

The late endosomes containing these variety of vesicles are known as MVB. If the content is destined to degradation, the MVB merge with the lysosome; if its designated to release, the MVB merge with the plasma membrane releasing the ILV as Exo in the extracellular space. 115 The ILV formation into MVB is the beginning of Exo biogenesis and requires two distinct processes. The endosome membrane is reorganized as being highly enriched in CD9, CD63

and or CD81. 118 Then, endosomal sorting complexes required for transport (ESCRT) are requisitioned in the formation site of ILV. 119 Four ESCRT complexes exist; ESCRT 0,I,II,III . 120

The ESCRT0 recognizes ubiquitous proteins in the exterior of endosomal membranes, 121

ESCRT I, II are the initiators of intra-luminal membrane sprouting via the stimulation of endosomal cytosolic recruitment whereas ESCRT III completes this whole process. 122 The ESCRT machinery complex is associated with proteins such as Alix and TGS101, both 

Microvesicles

The MV are generated by the sprouting and fission of the plasma membrane via the combinatory redistribution of phospholipids and the actin-myosin contractile machinery. 105 They are described as specifically charged with proteins like ARF6, MHC-I, B1 integrin, VAMP3 and MT1MMP. 123 The release of MV may also be possible via the TSG101/ESCRT-I complex but this signalization cascade does not modify significantly the MV secretion, confirming the biogenesis distinction between Exo and MV. A study demonstrate that MV release is influenced by the calcium influx; if an increment of calcium occurs, a redistribution of phospholipids results in an intensified MV release. 124,125 Similarly, hypoxia can stimulate MV release via the expression of RAB22A under the dependence of the hypoxic inductor factor (HIF). 126

Apoptotic Bodies

Apoptosis is a major physiological process necessary to survival, conducting to cell death of normal and abnormal (cancerous, infected) cells. Apoptosis progression is organized in several stages, initiated by the condensation of nuclear chromatin, followed by the membrane sprouting and disintegration of the cellular content to vesicles called apoptotic bodies . 127 Contrary to Exo and MV secreted during normal cellular processes, apoptotic bodies are secreted during programmed cellular death. Apoptotic bodies are in the range size of 500-4000nm. 128,129 During apoptosis, specific modifications take place, the cellular membrane undergoes a translocation of phosphatidylserine to the exterior of the lipid bilayer and binds to Annexin V. 130,131 Other membrane alterations occur via oxidation, creating sites of liaison to thrombospondine 132 or the complement protein C3b. 130 c) Extracellular vesicle content

Proteins

The EV content is widely described in the literature, [133][134][135] however depending on the cellular source and isolation method, vesicular proteins vary but some seem to be highly conserved as those associated to biogenesis via ESCRT machinery like ALIX, TSG101; the Annexins; cyto-squeskeletal proteins (actin, tubulin); and EV release-related protein (PAB27A, ARF6).

The EV are also enriched in tetraspanins (CD9, CD81, CD63), integrins, heat shock proteins (Hsp family), transmembrane proteins (LAMP1, TfR) and histocompatibility major complexes (MHC I and II). Some proteins are more abundant in Exo than in MV or apoptotic bodies and vice-versa. 118,136 For example, tetraspanins and endosomal protein are more abundant in Exo while for MV the protein composition is closer to that of their parent cell.

EV's ability to regulate some important pathways. Finally, some intercellular mediators like TNTα, IL-β or the TGF-β can also be present in EV. 138 An illustration of the most conserved proteins in Exo is represented in Figure 21. 139

Lipids

Lipid composition has been studied in several contexts. 137,140,141 In general, common characteristics are shared between the mother cell and the EV type. The most abundant lipids are sphingomyelin, phosphatidylserine, cholesterol, ganglioside GM3, unsaturated lipids and ceramides. 140 For example, Exo are richer in phosphatidylserine, facilitating their internalization into recipient cells, 142,143 while MV are enriched in glycerophosphoserin and phosphatidylserine polyunsaturated. 144,145 As a whole, the lipid composition reflects their biogenesis and parental cell. 

Nucleic Acids

The EV nucleic acid composition is variable and includes almost all classes of nucleic acids, such as DNA and coding and non-coding RNAs. Some studies have shown that EV could contain genomic and mitochondrial DNA, [146][147][148] but EV are mainly enriched in small RNAs:

ribosomal RNA, transfer RNA, messenger RNA (mRNA), miRNA and non-coding RNAs. [149][150][151] Many studies in vitro and in vivo have reported that the RNA-EV content can be transferred to recipient cells and induce functional effects or epigenetic reprograming. [151][152][153][154] These effects are for the main part attributed to miRNA because of their capacity to modulate gene expression. 152,153 These data altogether suggest that EV enrichment is done selectively, and is also dependent of EV biogenesis, the cell source and the physiologic state of the cell.

153,154

EV interaction with target cells

When EV reach their target cell, they can interact with it in various ways and affect fundamental biological processes. The EV can exert an action on stem cell maintenance, tissue repair and immune surveillance among others. 154 Likewise, EV are also thought to be key mediators in pathological processes. 155 The specificity of EV targeting towards particular recipient cells is probably conferred by the surface ligands present on both. 106 Three main mechanisms of EV to target cell interaction have been described:

1) Direct interaction:

A ligand-receptor binding induces a signaling cascade downstream the receptor of the target cell. Proteins allowing this type of interaction are located on the external membrane of the EV and include among others integrins, the above mentioned tetraspanins, heat shock proteins and intercellular adhesion molecules.

2) Endocytosis of the extracellular vesicles. It follows the ligand-receptor binding mentioned above, but instead of directly triggering the activation of intracellular signaling pathways, the vesicle is uptaken by endocytosis to eventually fuse with the endosome.

3) Membrane fusion:

Once recognized by receptors, the vesicular membrane fuses with the plasmic membrane so that its membrane proteins will remain embedded in it and the cargo of the vesicle will be released in the cytoplasm.

d) Therapeutic use of EV and cardiac repair

Strategically, the therapeutic use of EV can be classified in two main categories: the first considers EV as a pharmaceutical-biological entity acting though the active molecules that they secrete; the second entails the use of EV as vectors by leveraging their capacity to target the recipient cells via their specific receptors. 154 Leading to an instinctive development of 'artificial' EV known as liposomes and the engineering of active molecules in the membrane to target the recipient cell, and deliver their cargo containing the appropriate messengers to either activated or inactivate specific pathways. 156 The use of these biological entities has now reached the bedside with many clinical trials already completed or ongoing for several diseases. They are registered on ClinicalTrials.gov.

(49 EV studies, 163 for Exo but these figures are constantly evolving).

Given the recognition of the importance of paracrine events, the use of EV is generating a great deal of interest for cardiac repair because of the several potential targets they might hit such as endogenous cardiomyocytes, inflammatory and immune cells, fibroblasts, the extracellular matrix, vessels (including those of the lymphatic system) and nerves (Figure 22). 

IV) Objective (ensemble of manuscripts)

Previous studies of our team [START_REF] Bellamy | Long-term functional benefits of human embryonic stem cell-derived cardiac progenitors embedded into a fibrin scaffold[END_REF]157 have tested, experimentally and clinically (the ESCORT trial) the use of cardiovascular progenitor cells secreted by human ESC. The progressive shift from remuscularization by exogenously transplanted cells to paracrine harnessing of endogenous repair pathways has then led us to focus on the secretome exclusively. For practicality reasons, we have next switched to iPS cells as the pluripotent stem cell source of these progenitors, reasoning that the potential safety issues raised by iPSC if they were directly transplanted in patients were no longer relevant if they were exclusively used as ex vivo biofactories.

The general purpose of my thesis has been to provide some additional insights into the mechanism of action of the secretome enriched-EV of iPS-cardiovascular progenitors cells (CPC) with 3 specific objectives:

1) To investigate if iPS-CPC are as efficient as ESC and if their secreted EV are equally functional.

2) To test in an allogenic context, EV derived from iPS-CPC (EV-CPC) for their immunogenicity in vitro and in vivo and assess the effects of the induced immune response on cardiac repair;

3) To evaluate EV-CPC capacity to stimulate the production of new cardiomyocytes in vivo.

These research axes were deemed necessary to shed more light on the mechanism of action of EV and thus contribute to improve the chances of success of their therapeutic use.

Abstract -Scientific Work

This chapter summarizes the overall scientific work done during my thesis.

The first article explored the hypothesis that EV-CPC from iPS-CPC were as effective as their mother cells and as efficient as ESC. To this purpose, an immunodeficient mouse model of chronic heart failure was generated and the results have actually confirmed the functional equivalence between the cells and their EV which were shown to have in common an increased transcription of cardio-protective genes in heart tissue.

The second article looked at the immunological effects of EV-CPC. At this stage, we turned to iPSC as the source of the CPC (otherwise very similar to those from ESC previously tested)

and switched to an immune-competent mouse model in both acute and chronic myocardial ischemia settings. The data showed that these EV-CPC do not trigger an immune response (at least in this xenogenic context) either in vitro or in the animal models and at the same time they unraveled the capacity of EV to fine-tune the response of monocyte/macrophages towards a resolution of inflammation that likely bolsters their therapeutic potential.

The third paper was designed to assess whether EV-CPC could trigger cardiomyocyte proliferation and, if so, which was the source of these newly generated cardiomyocytes. To this end, we used two lineage-tracing models and have shown that while EV actually failed to induce cardiogenesis, their cardio-protective effects could still be confirmed and likely accounted for, at least in part, to a modulation of cardiac fibrosis.

Overall, these data are thus consistent with the currently prevailing hypothesis that the regulation of immune-inflammatory responses by transplanted cells or, in our case, their EVenriched secretome is a major mechanism whereby these biologics improve heart function.
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V) Discussion

Chronic heart failure affects several million people around the world and is the main cause of repeated hospitalizations with an attendant high economic burden. Furthermore, due to the aging of the population, the incidence of this pathology should continue to increase in the coming years. 158 Despite the progress in the drug-based management of patients, a significant portion of them requires other treatment options, among which stem cells are rising a growing interest for treating those who have exhausted conventional treatments and are not eligible for more invasive procedures, such as the implantation of an assist device or a heart transplant. These limitations justify that research on stem cell therapies continues to grow although clinical trials have so far failed to demonstrate clear and clinically relevant benefits. This is well illustrated by the fact that in November 2020, the words "stem cells" and "heart failure" generated 105 hits on the ClinicalTrials.gov website.

During these past decades, however, there has been a major paradigm shift in the putative mechanism of action of stem cells. While the original hypothesis was that transplanted cells could physically replace damaged cardiomyocytes, the general opinion today rather supports a paracrine effect of these cells. This hypothesis is based on several consistent findings: (1) a functional benefit of transplanted cells is still present while almost all of them have disappeared; More recently, many of these factors have been shown to be packaged in EV, heterogeneous nanoparticles shown to harbor a biologically active content made up of proteins, lipids and mainly non-coding nucleic acids 161 and to play a key role in intercellular communication.

Thanks to their ability to transfer their cargo to target cells and to consecutively trigger physiologically-relevant functional modifications (activation, proliferation, differentiation) in the latter, EV have largely justified their interest in regenerative medicine and more specifically in preclinical models of stroke, 162,163 acute kidney injury, 164 ischemic cardiomyopathy 94,165- 169 and ischemia of the lower limbs. 170 The phase I of the ESCORT clinical trial, based on the transplant of a patch cellularized with ESC-derived CPC, showed encouraging results, 171 with the caveat that the logistics, quality controls and regulation inherent in the use of ESC-derived differentiated cells are difficult to manage in the perspective of a large-scale use. As the clinical study was proceeding, we tried to elucidate the mechanisms of action of these cells and in particular their paracrine effects.

Thus, in a mouse model of chronic post-infarction heart failure, we compared the transplantation of the ESC-CPC similar to those which were transplanted in patients with the sole administration of the EV they secreted and found that the functional benefits of CPC could be recapitulated by a single injection of their vesicles. These results were published in the Journal of Heart and Lung Transplantation. 157 We then moved to a second study to determine whether this functional equivalence between cells and EV could be reproduced if the CPC were derived from iPS cells instead of ESC (for reasons of easier availability) and whether the outcomes would then be influenced by the state of differentiation of the cells (CPC versus more mature cardiomyocytes). In vitro bioactivity assays were conducted and concluded that EV-CPC from hiPS cells were internalized by target cells, increased cell survival and proliferation as well as endothelial cell migration in a dose-dependent manner, and stimulated vascular tube formation and cardiomyocyte proliferation. The EV are specifically enriched in miRNAs and most of the 16 phylogenetically conserved miRNAs that were identified in EV-CPC were found to be associated with tissue repair pathways, thereby suggesting a possible mechanistic link between this payload and the EV-associated cardio-protective effects. Injection of these iPS cell-derived EV-CPC into an immune-deficient mouse model of chronic post infarction heart failure confirmed these benefits by showing a significant improvement of cardiac function. Of note, cardiomyocytes only produced minimal amounts of EV, in line with the finding that earlydifferentiated cells have the higher secretory potential 172 which supports our choice of CPC as EV producers. I was involved in this study and am thus among the authors of the paper which was published in the European Heart Journal 173 (page number 61).

The previous studies were performed in immune-deficient mice, which does not correspond to a clinical scenario. Furthermore, as discussed above, myocardial infarction elicits a bi-phasic inflammatory response with an initial leukocyte infiltration into the infarcted area to phagocytize necrotic cardiomyocytes followed by efferocytosis (a physiological process characterized by the phagocytosis of apoptotic immune cells) mainly carried out by macrophages to reduce inflammation. 174 Overall, the duration and extent of inflammation depend on neutrophil, monocyte and macrophage trafficking 175,176 and a prolonged and uncontrolled post-infarction inflammatory response results in adverse cardiac remodeling and progression to heart failure. [START_REF] Moreau | Acute-on-chronic liver failure is a distinct syndrome that develops in patients with acute decompensation of cirrhosis[END_REF] Reducing inflammation may therefore help to limit remodeling and thus attenuate progression to severe heart failure 174,177 . Understanding if EV-CPC are immunogenic and can modulate the resolution of inflammation after MI is therefore critical for clinical applications and prompted our next study.

Its primary objective was to investigate the immunological patterns of EV in vivo and in vitro.

In summary, EV-CPC were found to express very low levels of immune relevant molecules. Although mitigation of inflammation has been shown to be an important mechanism of action of EV, this does not preclude other protective pathways to be involved. As one of them might be the generation of new cardiomyocytes to replenish the pool of those which have been lost, the last objective investigated in this thesis was to elucidate if EV-CPC could promote de novo cardiogenesis, and if it is the case, from which source of cells the proliferation came from (either pre-existing cardiomyocytes re-entering a mitotic cycle or progenitor cells mobilized from putative endogenous niches). To that end, we used two transgenic mice models. The first was the double transgenic fate-mapping MerCreMer/ZEG model which allows to distinguish whether putative new cardiomyocytes originate from the division of preexisting ones (GFP+, TnT+, EdU+) or differentiate from endogenous progenitors, in which case they would stain positive for TnT+/EdU+ but negative for GFP. Since a cardiomyocyte is only considered proliferative if it goes through complete cytokinesis, we then used the Mosaic Analysis With Double Markers Model (MADM) mouse model which allows to assess this end point. In this model, the proliferation of new cardiomyocytes derived from the pre-existing ones or from progenitors will stain either red or green whereas cardiomyocytes that fail to divide remain double-colored as yellow. Consequently, if proliferation occurs in the treatment group, the ratio of single-colored cells to the double-colored ones will be greater than in the control salineinjected group. In both immunocompetent transgenic mouse models, echocardiography showed an improvement of the cardiac function which was confirmed by Magnetic Resonance Imaging (MRI). However, in the MerCreMer/ZEG experiments, the number of new cardiomyocytes (TnT+/EdU+/GFP+) was modest and did not significantly differ between EV-treated hearts and controls, in line with the non-activation of the Hippo pathway. For MADM mice, a similar result was found as the number of single-colored cells did not differ between both groups. Thus, the improved functional outcomes of EV could not be ascribed to a de novo cardiogenesis (nor to an increased angiogenesis or a cardiomyocyte hypertrophy). However, it was associated with an infarct size reduction which correlated with the trend towards down regulation of pro-fibrotic genes (such Col 1a1, Col 3a1, Col 1a2, Elastin and MMP3). In keeping with these data, the anti-fibrotic miR 133-a-1 was found to be overexpressed in EV-treated MerCreMer/ZEG hearts (and additional in vitro experiments confirmed the ability of cardiomyocytes to increase their expression of this miR following incubation in the presence of EV). Since this miR is only present in small amounts in the EV cargo, its increased expression in the myocardium more likely reflects an endogenous upregulation, possibly triggered by MEF2 (present in the EV cargo) which is one of its activators. To further investigate the contribution of miR 133-a-1, a last series of experiments on C57BL/6J mice was conducted which showed that co-injection of the anti-miR133a-1 with EV partly abrogated their protective effects. That this abrogation is only partial supports that attributing the effects of EV to a single component would be unrealistically reductionist given the multiplicity of the biomolecules packaged in the EV cargo and the additional effects of extravesicular soluble factors (particularly proteins). This justifies our choice, in a clinical perspective, to use the EV-enriched secretome rather than trying to deconstruct it to isolate a single compound. These results have been accepted for presentation at the 2021 Annual Meeting of the Society of Thoracic Surgeons and the corresponding manuscript has been submitted to the Annals of Thoracic Surgery. I am a co-first author (page number 148) of this paper.

A common feature of all these studies has been to use EV secreted by CPC. The choice of this parental cell phenotype was largely based on studies suggesting the superiority of using source cells as close as possible to those of the target tissue 179,180 . However, EV from MSC have also shown excellent cardio-protective effects 165,166,181 and additional head-to-head comparisons are likely required to further validate the optimal parental cells in relation with the target indication.

VI) Conclusions and perspectives

The main objective of our laboratory is to develop a new biological treatment based on the administration of EV from hiPS-CPC because this cell-free therapy offers significant advantages in clinical practice such as a better control over batch consistency, the potential for a large-scale production more akin to that of a pharma-type product, the possibility of cryopreservation without loss of efficacy after thawing, thereby enabling an off-the-shelf In brief, the process is divided into two main phases. The upstream phase comprises the reprogramming of hematopoietic stem cells into iPS cells, their differentiation in CPC and their subsequent scale-up until they are cryopreserved. These steps are performed in CDI facilities according to proprietary procedures. The downstream phase is performed in the ATMP platform of hôpital Saint-Louis and entails an ultimate brief culture of the thawed progenitor cells (partly in a serum-free dedicated medium), collection of the cell-derived conditioned medium, its filtration/concentration and final fill and finish. Each of these steps has to be tightly characterized to ensure its robustness, efficacy and reproducibility since, in contrast to conventional drugs where changes in the sequence of production steps are expected to only minimally alter the final product, the structural complexity of biopharmaceuticals requires for optimizing their characterization and batch-to-batch consistency that the production process be tightly controlled from beginning to end (hence the formula: "the process is the product"). While some aspects to this process cannot be yet fully disclosed for intellectual property-associated reasons, others can be more openly discussed and will be briefly addressed as they are also part of the research perspectives of our laboratory.

Drug formulation, storage and stability

Clinical grade EV-CPC are formulated as a liquid suspended in a neutral solvent (PBS).

However, research is carried out on methods used to increase drug stabilization and extend their shelf life. Among them, lyophilization (freeze drying) is of the most effective. 182 Recent experiments in our laboratory have shown that EV could be safely freeze-dried without losing their bioactivity upon subsequent thawing. 183 Storing EV in a freeze-dried formulation could further enhance their user-friendliness.

a) Efficacy in vitro and in vivo

Efficacy is defined in the context of evidence-based medicine as the capacity of a therapy to positively influence the course or duration of a disease at the dose tested in the patient population or model for which it is designed 184 . This is why several in vitro and in vivo tests are required. Here below we will detail the tests that have been or are still in the process of being developed in our laboratory and to which I still participate.

In vitro

We have previously described the viability and angiogenesis 173 assays that were used for assessing the bioactivity of EV. However, to further explore their potency, other tests are still needed and to this end we are currently developing two assays: the first aims at assessing the effects of EV on the apoptosis of human cardiomyocytes (derived from iPS cells) induced by staurosporine; the second assay aims at assessing the effects of EV on the cytotoxicity incurred by the same cell type when subjected to a doxorubicin-induced injury.

This drug is known to damage cardiac cells by different mechanisms including the blockade of aerobic respiration in the mitochondria increasing the oxidative stress, 185 changes in gene expression with decreased expression of the contractile proteins, 186 induction of apoptosis by inhibition of topoisomerase II and collapse of the whole troponin network leading to cytoskeletal disorganization and cardiomyocyte death. 187 The goal of the in vitro tests is to evaluate the viability, oxidative stress and cytoskeletal disorganization following exposure of human cardiomyocytes to doxorubicin and to assess whether, and to what extent, EV can provide some rescue. Although critically important to provide proof-of-concept data and mechanistic cues, these in vitro assays are of only limited relevance to the in vivo settings and thus need to be complemented by animal studies to further investigate the disease-modifying properties of any biologics intended for human use.

In vivo

For a while, the evaluation of stem cells and then of their secretome has focused on ischemic cardiomyopathies and, as shown in the papers presented in this Thesis, we have used the conventional model for this type of diseases, i.e., the induction of a myocardial infarction by a permanent coronary artery occlusion. More recently, however, we have extended our portfolio of animal models in two directions to better stick to the current clinical scenarios:

One model entails an ischemia/reperfusion protocol (preferentially in rats) which is closer to contemporary practice patterns whereby patients with an acute myocardial infarction usually undergo an emergent revascularization.

The second model which is more challenging is that of a nonischemic cardiomyopathy which is relevant in view of the increased prevalence of this condition. 186,188 In the clinics, heart failure of a nonischemic origin can be due to a variety of etiologies (hypertension, valve disease, genetic mutations, congenital abnormalities, arrhythmias, toxic causes). In the laboratory, we have selected to focus on anthracycline-induced cardiomyopathies because of the high prevalence of this late complication in cancer survivors 189 and the lack of current efficacious treatments. 188,190 Experiments testing the effects of our EV-CPC in this setting are currently under way.

b) Route of administration, dosing and EV targeting

Most of stem cells studies, both experimental and clinical, have entailed an intramyocardial route for delivery since it is the only one which provides a direct access to the target tissue and this approach was further rationalized by the initial belief that transplanted cells would engraft persistently. Logically, most of the initial EV studies have also used direct intramyocardial injections and this has actually been the case in the papers presented in this Thesis. More recently, this approach has been challenged for two main reasons: first, the temporal discrepancy between the disappearance of the transplanted cells and the persistence of a functional benefit has questioned the idea that their physical presence in the heart was a prerequisite to their therapeutic effect; second, several studies have reported that repeated dosing was likely to optimize functional outcomes, 191,192 thereby implying the use of a less invasive route than open-chest procedures. These considerations have fuelled an increased interest in an intravenous mode of delivery. Experimental studies reviewed in Wysoczynski et al. 193 have documented the efficacy of intravenous cell injections and these data are now supported by those of early clinical trials. 194 Likewise, in a meta-analysis of the effects of EV after myocardial infarction, the route for EV delivery (intramyocardial or intravenous) was not identified as a predictor of a successful outcome. 195 The efficacy of intravenous EV infusions also looks relevant to nonischemic cardiomyopathies [196][197][198] and we are currently testing this route for delivering our EV-CPC in the doxorubicin-induced cardiomyopathy model. The mechanism(s) by which systemic injections of cells or their secretome can elicit cardio-protective effects is still elusive given their predominant homing in lungs, spleen and liver. However, studies have shown that once sequestered systemically, EV could trigger changes in endogenous immune cell populations shifting their phenotype towards an anti-inflammatory pattern [199][200][201] and these cells might then convey the protective signals remotely to the heart. 202 Whether, despite this systemic mode of action, the functional benefits of intravenous delivered EV could still be improved by their more selective targeting to the heart through engineering of the parental cells 203 or the EV themselves 204 is an important area of research currently under intense investigation. In

cases where an open-chest procedure is considered for patient-related reasons, the direct intramyocardial delivery is still sound but its benefits are likely to be optimized by incorporation of the secretome in a hydrogel enabling its controlled release, thereby extending its time of exposure to the target myocardium. 205 Another clinically relevant but still unsettled issue pertains to EV dosing. Throughout our studies, we have used a number of EV corresponding to their production by the number of cells previously shown to be functionally effective (1.4 million). While this "cell equivalent" metrics is one option, others are also available such as the absolute number of particles, amount of vesicle protein or vesicle number to protein ratio. Regardless of the metrics, dose-relationship studies are thus mandatory to fine-tune the optimal number of EV in relation with a given route for delivery. The main additional translational issues that need to be addressed before moving to an EV clinical trial pertain to toxicology, tumorigenicity and biodistribution. The same EV-CPC as those used in my studies but upgraded for a human use, as discussed above, will undergo the relevant assays under Good Laboratory Practice conditions and in compliance with the regulation on Biological Medications but their description is beyond the scope of this Thesis.

c) Scientific impact

In conclusion, the results presented in this Thesis reinforce the growing interest in EV as acellular biologics endowed with cardio-reparative properties and which, as such, could find a place in the armamentarium of therapies of cardiac diseases. Many issues still remain to be addressed but these data could hopefully contribute to move the field closer to clinical applications by providing additional safety and efficacy data. Despite organ specificities, tissue repair is a cross-disciplinary field and these data collected in the cardiac area might also be relevant to other medical applications with regard to both basic EV-related biology and clinically-oriented production processes.
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  These effects have been ascribed to a paracrine action of the cells' secretome on the failing heart. Extracellular vesicles (EV) are a key component of the secretome, and are important mediators of cell signaling. Increasing evidence suggests EV convey many of the beneficial factors found to mediate the effects of cell therapy. This thesis work is aimed at investigating the mechanism of action of EV secreted by human induced pluripotent stem (iPS) cell-derived cardiovascular progenitors. The work hereinafter presented has been divided into 6 chapters. Chapter one describes the pathology of interest: heart failure. It elaborates on the biopathology of this disease, stressing its evolution as a continuum, and the pressing need for novel therapeutic options. Chapter two elaborates on the mechanism of heart repair with a focus on understanding the immunological system and its major role in the development of heart failure. Chapter three reports the scientific steps of biomedical research in cardiac cell therapy and heart regenerative medicine.
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  Shortness of breath (dyspnea) during physical exercise -Persistent tiredness and weakness -Swelling of the legs, ankles and feet (edema) -Irregular and accelerated cardiac rhythm (arrhythmia, and tachycardia, respectively) -Reduced capacity to exercise -Persistent cough or a wheeze -Increased need to urinate overnight -Abdomen swelling (ascites) -Weight gain related to water retention -Loss of appetite and persistent nausea
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  Adaptive immunity  Immediate protection, 1 st line of defense  Blocks the entry and eliminates dangerous signals  Ready to act (components already present)  Recognizes patterns of molecules on antigens  No memory  Late response, delayed development  Stimulated by innate immunity and the dangerous signals  Adapted response to invader via expansion of lymphocytes, specific to antigen  Immunological memory The cellular actors of immunity are presented below in Figure 5 and further below. a) Innate immunity Innate immunity is responsible for attacking the danger signals thanks to resident cells, such
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 5 Figure 5: Cellular actors of the immunity adapted from © Abbas, Cellular and Molecular Immunology, 6 th edition by Elsevier.

  Natural Killer (NK) cells kill injured, tumorous or infected cells by cytotoxic action (perforine/granzyme). NK cells can kill other cells by ADCC mechanism (antibodydependent cellular toxicity). b) Molecular components Cytokines and chemokines are responsible for intercellular communication. They are secreted by activated cells, recognized by specific receptors, can act locally or distantly, by autocrine or paracrine stimulation and induce various cellular responses (activation, proliferation, apoptosis, mobility, secretion). Cytokines can be pro-inflammatory such as: TNFα, IL-1b, IL-8, IFNγ or anti-inflammatory such as: IL-10, TGFβ, IL-4. Another
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  lipoxygenase) derived from arachidonic acid and membrane phospholipid are involved in vasodilatation and chemotaxis.The secondary effectors are neutrophils; they are recalled by pro-inflammatory mediators secreted in the tissue either by the endothelium (IL-8, PAF, LTB4), the resident macrophages (TNFα, IL-1β), complement (C3a, C5), bacteria (LPS, N-N-(N-formyl-L-methionyl)-L-leucyl (fMLP)) or prostaglandins and leukotrienes. They are chemo-attracted and recruited on the site of inflammation, and extravasation (diapedesis) of circulating neutrophils occurs in the 6-24h post injury.
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  requisitioned for the vesicle sprouting to the luminal endosome. Although the ESCRT pathway is considered the main driver of Exo biogenesis, other studies have shown the existence of an independent pathway via the sphingolipid ceramide. Lastly, fusion mechanisms of MVB to the plasma membrane are far from being completely elucidated but GTPases and the Rab protein family have been implicated in the regulation of the endosomal traffic and the secretory pathway leading to Exo release.
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159 ( 2 )

 2 an upregulation of cardio-protective signaling pathways in target tissues is triggered by transplanted stem cells; 160 (3) several types of cells release bioactive factors into their surrounding environment, which is consistent with this activation of endogenous repair pathways. While confirmation of this paracrine hypothesis has been brought by the observations of functional benefits after administration of conditioned medium 83 into the tissue, the biological factors and mechanisms of action underlying these beneficial effects have long remained unknown.

  They neither induced nor modulated adaptive allogeneic T cell immune responses. They also failed to induce NK cell degranulation. These in vitro effects were confirmed in vivo as repeated injections of EV-CPC did not stimulate production of immunoglobulins or affect the interferon (IFN)-γ responses from primed splenocytes. In a mouse model of chronic heart failure, intramyocardial injections of EV-CPC at a chronic stage decreased both the number of cardiac proinflammatory Ly6C-high monocytes and circulating levels of pro-inflammatory cytokines (IL-1α, TNF-α, and IFN-γ). At the acute stage of the infarction, direct cardiac injection of EV-CPC reduced pro-inflammatory macrophages, Ly6C-high monocytes and neutrophils in heart tissue compared to controls. EV-CPC also reduced levels of pro-inflammatory cytokines IL-1α, IL-2, and IL-6, and increased levels of the anti-inflammatory cytokine IL-10. These effects were reproduced in vitro on human macrophages and monocytes; EV-CPC reduced the number of pro-inflammatory monocytes and M1 macrophages, while increasing the number of antiinflammatory M2 macrophages. In summary, EV-CPC did not trigger an immune response and were able to shift the response of monocyte/macrophages towards resolution of inflammation. These characteristics reinforce the clinical attractivity of EV in that their use in patients can be envisioned without the need for immunosuppressive drugs while their anti-inflammatory effects might not be fraught with some of the side-effects of conventional drugs (i.e., corticosteroids or monoclonal antibodies). Namely, there are several reassuring arguments about the safety of EV-based therapies: (1) EV are naturally produced in the human body, (2) their cargo, when it is let unmodified, only comprises physiological components, and (3) blood transfusions are unavoidably associated with the co-delivery of large amounts of EV without the report of specific adverse events. These results have been published in Cardiovascular Research 178 and I am a co-first author (page number 102) .

  availability and the avoidance of adverse events possibly associated with cells such arrhythmias, tumors (EV have no replicative abilities) and allo-immunization. The data acquired during my thesis regarding the efficacy of EV-CPC and some of their presumed mechanism(s) of action are part of the preclinical package required for moving to a phase I clinical trial. Clearly, this translation raises technical challenges that we are currently addressing with our industrial partner CDI (Cellular Dynamics International, Madison, WI, USA, the provider of the CPC) and our collaborators at the Advanced Therapy Medicinal Products (ATMP Méary platform) located at hôpital Saint-Louis. This translational process requires that all steps are performed under Good Manufacturing Practice conditions and in compliance with the regulatory guidelines edited by the French agency (Agence nationale de sécurité du medicament et des produits de santé).

  l'équivalence fonctionnelle entre les cellules et leur EV expliquée par une transcription accrue des gènes cardio-protecteurs dans les tissus cardiaques. Les mécanismes d'action des EV in vitro ont été en partie élucidés révélant ainsi des effets pro-angiogéniques sur des cellules endothéliales, des effets prolifératifs des cardiomyoblastes des rats et sur des cardiomyocytes humains. Les objectifs 2 et 3 ont donc été menés afin d'élucider les mécanismes d'action des EV. -L'objectif 2 concerne le caractère immunologique des EV étudié in vivo chez la souris et in vitro sur des cellules mononuclées sanguines périphériques humaines. Nous avons d'abord montré par des test MLR (mixed lymphocyte reaction) utilisant des cellules effectrices provenant de plusieurs donneurs que les EV ne provoquent pas de prolifération de lymphocytes T et n'augmentent pas la dégranulation des cellules NK. L'exposition des macrophages aux EV diminue le pourcentage des monocytes et des macrophages M1 proinflammatoires (et leurs médiateurs) tout en augmentant le nombre de macrophages M2 antiinflammatoires (et leurs médiateurs) lorsqu'ils sont indifférenciés dans un état M0. En revanche, les EV ne sont pas capables d'inverser le phénotype M1 une fois qu'il est acquis. Nous avons ensuite caractérisé la réponse immunitaire aux EV in vivo et avons constaté, dans un modèle de dysfonction ventriculaire gauche chronique, que les EV atténuent l'inflammation, notamment en diminuant le nombre des précurseurs des macrophages proinflammatoires (Lyh6 High) dans le tissu cardiaque ainsi que les médiateurs proinflammatoires circulants. Cette propriété anti-inflammatoire est davantage confirmée au stade aigu de l'infarctus du myocarde avec une diminution significative des cellules proinflammatoires (monocytes, macrophages et neutrophiles) et des médiateurs proinflammatoires, et une augmentation des médiateurs anti-inflammatoires circulants. De plus, les EV n'induisent pas de réponse humorale (pas de production d'immunoglobulines) ou cellulaire (pas de production d'IFN γ par les splénocytes) dans un modèle vaccinal. L'ensemble de ces résultats suggèrent que les EV ont un effet globalement immunomodulateur et qu'en tous cas, l'absence de réponse allo-immune (même s'il s'agit plus précisément ici d'une réponse xéno-immune puisque dans ces modèles ce sont des EV d'origine humaine qui ont été administrées à des souris) renforce leur attractivité clinique. -L'objectif 3 a cherché à établir si les effets cardio-protecteurs des EV impliquent une augmentation du pool myocardique de cellules contractiles. A cet effet, nous avons utilisé un modèle de souris doublement transgéniques MerCreMer/ZEG qui a permis d'établir si une partie du bénéfice attribué à l'administration de VE viendrait d'un accroissement de la masse de cellules contractiles par mobilisation de cellules souches/progénitrices endogènes et/ou réinduction d'un cycle mitotique chez les cardiomyocytes déjà différenciés. Après une administration de tamoxifène les souris MerCreMer/ZEG expriment de façon constitutive la molécule Green Fluorescent Protein (GFP) uniquement dans les cardiomyocytes. Notre protocole a comporté une injection des EV intra-myocardique per-cutanée, sous contrôle échocardiographique, trois semaines après la création d'un infarctus du myocarde (par ligature permanente de l'artère coronaire gauche), ainsi que l'administration d'EdU via des pompes osmotiques implantables (pendant 1 semaine au moment de l'administration des EV). Les souris ont été sacrifiées 4-6 semaines après l'injection des EV avec évaluation par échographie et, pour certaines d'entre elles, imagerie par résonance magnétique (IRM) complétées par l'examen histologique des coeurs explantés. Ainsi conçu, ce protocole devait permettre de savoir si l'injection des EV entraîne un accroissement de la masse de cellules contractiles par mobilisation de cellules souches endogènes (augmentation du nombre de cellules GFP négatives et EdU positives) ou réinduction d'un cycle mitotique chez les cardiomyocytes déjà différenciés (augmentation des cellules à la fois GFP et EdU-positives). Sur 60 souris ayant subi un infarctus, 37 ont survécu et 30 ont été stratifiées, en fonction de leur fraction d'éjection de base (≤45%), en deux groupes équivalents, l'un recevant les injections de EV (secrétées par 1.4 millions de CPC ou 10 milliards de particules) et l'autre, un volume équivalent du solvant de resuspension (saline). Nos résultats ne montrent aucune prolifération cardiomyocitaire car il n'existe pas de différence significative dans le nombre de cardiomyocytes (doublement positifs pour la troponine T et EdU) entre le groupe traité par les EV et les contrôles. Néanmoins nous avons observé une amélioration significative de la fonction cardiaque (par échocardiographie [15 souris par groupe] et IRM [6 contrôles et 5 EV]) ainsi qu'une diminution de la taille de l'infarctus et de la fibrose chez les souris injectées avec les EV. Cette modulation de la fibrose s'accompagne d'une augmentation du miRNA anti-fibrotique 133-a dans le tissu cardiaque des animaux traités par les EV (analyse transcriptomique) ainsi que d'une diminution de l'expression des ARNs pro-fibrotiques (Col1a2, Col3a1, Lox, Col1a2, Elastin et Mmp3) et de la protéine FAP (Fibroblast activation protein). En concordance avec ces résultats, YAP qui est un régulateur transcriptionnel en aval de la voie Hippo n'a pas été exprimé dans les coeurs traités par les EV contrairement à sa forte expression dans le tissu myocardique néonatal utilisé comme témoin. Dans ce travail, la prolifération cardiomyocytaire s'est fondée sur la quantification de la synthèse d'ADN par la détection de l'EdU en phase S. Néanmoins un cardiomyocyte est seulement considéré prolifératif s'il y a cytokinèse. Aussi, avons-nous cherché à valider ces premiers résultats à l'aide d'un autre modèle de souris transgénique (MADM ; mosaic analysis with double markers) où les nouveaux cardiomyocytes provenant de ceux préexistants ou de progéniteurs sont GFP+ ou tdTomato+ (une cellule qui est binucléé et n'a pas subi de cytokinèse apparaitra jaune). Si donc il y a une prolifération dans le groupe traité, le nombre de cardiomyocytes GFP+ ou tdTomato+ sera augmenté. Ces souris ont également été réparties en 2 groupes de 6 (l'un injecté par les EV à la même concentration précédemment utilisé et l'autre injecté avec le seul milieu de resuspension, 3 semaines après création de l'infarctus). Nous avons retrouvé des résultats identiques, à savoir une amélioration de la fonction cardiaque 4-6 semaines après les injections, sans augmentation concomitante du nombre de nouveaux cardiomyocytes. Enfin, la mise en évidence par analyse transcriptomique d'une forte expression du miRNA 133-a dans les coeurs injectés avec les EV suggère qu'il pourrait fortement contribuer aux effets anti-fibrotiques observés dans ce groupe et ainsi, indirectement, à l'amélioration de la fonction cardiaque. Pour vérifier cette hypothèse, une étude in vivo a été menée. Le protocole d'induction de la dysfonction ventriculaire gauche reste identique et comporte 3 groupes expérimentaux : contrôle (PBS), EV et EV+anti-miR 133-a. Les résultats fonctionnels du groupe traité par les EV+anti-miR 133-a étaient intermédiaires entre ceux des coeurs témoins injectés au PBS et traités par les EV. Cette hypothèse est cohérente avec l'observation de niveaux accrus de MEF2 (dans le cargo des EV) qui est un inducteur de miR-133-a1, ainsi qu'une augmentation de l'expression de miR-133-a1 dans les cardiomyocytes murins en culture à la suite de leur exposition aux EV. Il est donc mécanistiquement plausible que le transfert de MEF2 médié par les EV ait déclenché la régulation à la hausse du miR-133-a1 endogène. En même temps, il souligne que les effets protecteurs des EV ne peuvent être réduits à un seul composé et résultent plutôt de l'action coopérative des multiples constituants de leur cargaison. Objectif 4 : Il consiste à évaluer le potentiel thérapeutique des EV dans un modèle de cardiopathie induite par les anthracyclines. La mise au point d'un protocole de cardiomyopathie chimio-toxique s'est révélée longue et complexe, conduisant, au fil des résultats, à de multiples ajustements de dose, de source et de chronologie d'administration de la drogue ainsi qu'à un changement de souche de souris. La cardiotoxicité de la doxorubicine est désormais induite par 3 injections intra-péritonéales hebdomadaires de la drogue (4mg/kg par injection, soit une dose cumulée de 12 mg/kg au terme des 3 semaines de traitement). La fonction ventriculaire gauche sera évaluée par échocardiographie et/ou IRM 6 semaines après la 1ère injection de la drogue et les EV ou un volume équivalent du milieu de suspension seront injectés par voie intraveineuse à la dose de 30 milliards répartis en 3 injections distantes de 5 jours. L'effet des EV sur la fonction ventriculaire gauche (volumes et fraction d'éjection) sera évalué 21 jours après le début du traitement avec une analyse histologique (apoptose, fibrose, prolifération cellulaire, réponse immune, angiogenèse) dans la foulée des explorations fonctionnelles. L'objectif 4 est toujours en cours de développement. Il est à prévoir que de nouveaux changements pourraient encore intervenir dans la chronologie d'administration des traitements, leurs modalités et le moment de leur évaluation finale. Enfin dans une perspective translationnelle (d'utilisation des EV en clinique) dans le traitement de l'insuffisance cardiaque, l'expansion à grande échelle de cellules progénitrices cardio-vasculaires (différenciées à partir de cellules somatiques induites à la pluripotence) dans un milieu de grade clinique ; la caractérisation phénotypique des cellules au terme de cette phase de culture ainsi que leur secretome; la mise au point d'une purification par filtration à flux tangentiel sont en cours de développement par notre collaborateur au laboratoire de thérapie cellulaire de l'hôpital Saint-Louis avec l'objectif de mener un essai clinique dans l'année à venir. Mots Clés : Vésicules extracellulaires, Secretome, Biotechnologies, Thérapie Cellulaire, Réparation Cardiaque, Insuffisance Cardiaque.
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Table 1 :

 1 

Functional classification of HF by the New York Heart Association as a function of the gravity of symptoms and physical activity; NYHA classes.

  HF can be confirmed by the algorithmic exams proposed by the European Society of Cardiology, described in Figure2.[START_REF]ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure[END_REF] 

	Imaging		
	Using imaging techniques,		
			1 Levels are
	detailed here below:		
	Markers	Pathological Level	Normal Levels
	TnI (Ultra assay)	Superior to 0.04 ng/mL	Inferior to 0.04 ng/mL
	NT-proBNP	Superior to 100 pg/ml or 200 pg/ml (for	Inferior to 100 -200 pg/ml
		patients with kidney failure)	
	BNP	900 pg/ml in 50-to 75-year-olds	Inferior to 900 pg/ml in 50-to 75-
		1,200 pg/ml in older patients	year-olds or 1,200 pg/ml in older
			patients

the list than the actual number of transplants performed. 10 Future perspectives for treatment of HF

  

	adult heart is limited, nonetheless these pathways do exist, and researchers are seeking
	methods to enhance and amplify them to achieve myocardial-cell replacement. A variety of
	cell substrates have been proposed for cardiac cell-based therapy and several therapeutic
	approaches have shown promising results in preclinical animal models. Therapeutic
	candidates remain to be firmly validated, and their efficacy and mechanisms well-established
	before their clinical use.
	As defined by Kübler, cardioprotection includes "all mechanisms and means that contribute to
	the preservation of the heart by reducing or even preventing myocardial damage". 11 This
	broad definition encompasses what is commonly termed cardiac repair which attempts at
	Cardiac transplantation is getting a new horse. Transplantation is limited by organ availability
	and by the strong lifelong immunosuppressive treatment it requires. Median waiting time for a
	heart transplant is 18 months in the Eurotransplant-covered region (a partnership covering 8
	central Europe countries). Mortality while on the waiting list was 20% in 2017, with two
	times more patients entering Healing the horse: As more and more patients survive after MI or other sources causing heart
	damage, more and more patients develop HF through the loss of viable myocardium. Many
	therapies have focused on preventing the progressive process of cardiac remodeling but none
	addresses the underlying cause.
	The discovery of stem cells has set a new path for cardiovascular research. Many studies seek
	to regenerate injured cardiac tissue and treat a pathology that, in spite of clinical
	advancements, still bears a high mortality burden. The overall capacity for regeneration of the

  vésicules extracellulaires (EV) sont des nanoparticules sécrétées par toutes les cellules de l'organisme et qui jouent un rôle majeur dans la communication inter-cellulaire. Les EV sont constituées d'une bicouche lipidique délimitant un contenu varié constitué de protéines solubles ou membranaires, de lipides, de métabolites et d'acides nucléiques. Ces vésicules, hétérogènes en taille (50nm-1000nm) et d'origines cellulaires diverses sont classées en trois catégories : exosomes, microvésicules et microparticules. Il semble de plus en plus acquis qu'elles sont les médiateurs principaux des effets paracrines des cellules souches dont elles peuvent reproduire le bénéfice dans de multiples modèles pré-cliniques. Dans une perspective clinique, l'utilisation des VE se traduirait par une probable simplification des problèmes inhérents à la production, la reproductibilité, aux contrôles-qualité et donc à la réglementation par rapport à la greffe de cellules-mères dont elles sont issues.

	Pour des raisons épidémiologiques, il est également important de savoir si ces EV pourraient
	être efficaces dans le traitement de certaines cardiopathies ischémiques et non ischémiques.
	C'est à ces questions que tentera de répondre cette thèse qui est ainsi structurée en trois
	objectifs principaux.
	-L'objectif 1 a exploré l'hypothèse que les EV issues de progéniteurs cardiovasculaires (CPC)
	dérivés d'iPSC étaient aussi efficaces que leurs cellules mères, ainsi que les cellules souches
	embryonnaires (ESC) et que les EV que sécrètent ces dernières. À cette fin, un modèle murin
	immunodéficient d'insuffisance cardiaque chronique a été généré et les résultats ont confirmé

Notre projet est donc désormais ciblé sur cette « thérapie cellulaire sans cellules » fondée sur la seule administration au patient des EV et n'exploitant plus les cellules que comme sources in vitro de leur production. L'un des pré-requis importants à une telle utilisation clinique des EV est néanmoins une meilleure identification des facteurs qu'elles véhiculent et la compréhension de leur contribution respective aux effets globalement cardio-protecteurs observés expérimentalement.

The number, type and activation state of different types of immune cells dictate their impact on cardiac repair after MI (figure16) .[START_REF] Zlatanova | Immune Modulation of Cardiac Repair and Regeneration: The Art of Mending Broken Hearts[END_REF] In this section we will address the inflammatory phase in the murine heart.
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Abstract

Extracellular vesicles (EV) are nanoparticles secreted by all cell types in the body, they play a major role in intercellular communication and seems to be the main mediators of paracrines effects exercised by stem cells. From a clinical point of view, the use of EV will result in a probable simplification of the problems inherent in production, reproducibility, quality control and regulation of relations with the graft of mother cells. Our project is therefore now focused on this "cell-free cell therapy" based on the sole administration of EV to the patient and no longer using the cells which are in vitro sources of their production. Important prerequisites for the clinical use of EV are also included in the best identification of relevant factors and understanding of the respective contribution to the overall cardioprotective effects observed experimentally.

The first article explored the hypothesis that EV from cardiovascular progenitor cells (CPC) derived from iPSC were as effective as their mother cells and as efficient as embryonic stem cells (ESC). To this purpose, an immunodeficient mouse model of chronic heart failure was generated and the results have actually confirmed the functional equivalence between the cells and their EV which were shown to share in common an increased transcription of cardioprotective genes in heart tissue.

The second article looked at the immunological effects of EV-CPC. At this stage, we turned to iPSC as the source of the CPC (otherwise very similar to those from ESC previously tested)

and switched to an immune-competent mouse model in both acute and chronic myocardial ischemia settings. The data showed that these EV-CPC do not trigger an immune response (at least in this xenogenic context) either in vitro or in the animal models and at the same time unraveled the capacity of EV to fine-tune the response of monocyte/macrophages towards a resolution of inflammation that likely bolsters their therapeutic potential.

The third paper was designed to assess whether EV-CPC could trigger cardiomyocyte proliferation and, if so, which was the source of these newly generated cardiomyocytes. To this end, we used two lineage-tracing models and have shown that while EV actually failed to induce cardiogenesis, their cardio-protective effects could still be confirmed and likely accounted for, at least in part, to a modulation of cardiac fibrosis. Overall, these data are thus consistent with the currently prevailing hypothesis that the regulation of immune inflammatory responses by transplanted cells or, in our case, their EV-enriched secretome is a major mechanism whereby these biologics improve heart function.