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FOREWORD

Of late, the secretion of vesicles from parent cells into the extracellular space has been recognised to play a part in pathological and physiological processes. These vesicles can collectively be termed as extracellular vesicles or EVs (Théry et al. 2018). Over the last years, light has been shed on the EVs with numerous studies demonstrating the interaction between EVs with neighbouring cells, distant cells as well as with their extracellular environment, as opposed to EVs just being cellular waste as once believed (Valadi et al. 2007). EVs may harbour proteins or nucleic acids within them that express the properties of their cell of origin. This cargo thus signifies that EVs might be purposefully secreted for certain functions.

The presence of several EV subtypes and the plethora of their cargo warranted many studies to discover their intended functions. The role of EVs as intercellular messengers has been revealed to be one of the important functions of these EVs, selectively delivering nucleic acid or protein cargo from parent cells to targeted recipient cells. Once delivered, target cells may then elicit phenotypical responses that results in the amelioration or worsening of certain pathological conditions such as cardiovascular diseases and metabolic diseases via paracrine signalling [START_REF] Skog | Glioblastoma Microvesicles Transport RNA and Proteins That Promote Tumour Growth and Provide Diagnostic Biomarkers[END_REF].

EV transportation can be mediated by the circulation or the lymphatic system. This allows EVs to travel to distant target cells or organs as opposed to being restricted to local communication. For example, the intravenous injection of human embryonic kidney cellderived EVs in immunodeficient RAGKO mice delivered microRNA (miRNA) let-7a to epidermal growth factor receptor-expressing xenograft breast cancer tissue functionally blunted tumour growth [START_REF] Ohno | Systemically Injected Exosomes Targeted to EGFR Deliver Antitumor MicroRNA to Breast Cancer Cells[END_REF]. This suggests that EVs possess the ability to not only travel to distant sites but deliver messages that convey a biological effect in target recipient cells.

Following acute myocardial infarction (MI), there is an increase in circulating EVs in mice as well as humans. These EVs were suggested to be derived from endothelial cells and interestingly contain miR-126. The group observed an accumulation of these EVs in the spleen that in turn led to the promotion of monocyte mobilisation to the injured myocardium [START_REF] Akbar | Endothelium-Derived Extracellular Vesicles Promote Splenic Monocyte Mobilization in Myocardial Infarction[END_REF]). In the infarcted mouse heart, our lab has previously observed a transient increase of EV release within the heart 24 hours post-MI. In agreement with the findings of Akbar and colleagues, our lab also demonstrated that indeed monocytes were found infiltrating the infarcted myocardium and suggested that the reason for this transient increase was due to EV uptake by these monocytes. Co-culturing of in situ infiltrating monocytes with cardiac derived EVs led to an increase in pro-inflammatory cytokine Interleukin (IL)-6 and chemokine (C-C) motif ligands (CCL)2 and CCL7 (Loyer et al. 2018). This collective data thus suggests the complexity of multiple mechanisms of different types of EVs in cardiovascular diseases, both locally and at distant in terms of communication.

Metabolic diseases encompass insulin resistance, hyperglycaemia and dyslipidaemia.

The role of EVs in intercellular communication has also been evidenced in metabolic diseases.

An increase in circulating EVs in metabolic diseases has been observed by numerous studies and that these EVs can express distinct miRNA profiles related to their corresponding diseases [START_REF] Karolina | Circulating MiRNA Profiles in Patients with Metabolic Syndrome[END_REF]. In a study by Caporali et al., the transfer of miR-503 from high glucosetreated endothelial cells to pericytes was observed, which resulted in decreased proliferation and migration of pericytes [START_REF] Caporali | Deregulation of MicroRNA-503 Contributes to Diabetes Mellitus-Induced Impairment of Endothelial Function and Reparative Angiogenesis after Limb Ischemia[END_REF]. In vivo injections of endothelial cell-derived EVs in apolipoprotein E knockout mice by Jansen et al., endothelial dysfunction of the aorta was evaluated due to the impairment of acetylcholine mediated vessel relaxation and augmented plaque formation [START_REF] Jansen | Intercellular Transfer of MiR-126-3p by Endothelial Microparticles Reduces Vascular Smooth Muscle Cell Proliferation and Limits Neointima Formation by Inhibiting LRP6[END_REF]. Taken together, this shows that cross-talk of different types of cells can be mediated by EVs in the context of metabolic diseases.

As metabolic diseases such as diabetes type II (T2D) are known to increase the risk of incidence of cardiovascular events such as myocardial infarction, my thesis will therefore aim to focus on the role of EVs in the diabetic heart following myocardial infarction. This will be performed by attempting to elucidate the following questions: 
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Low density lipoprotein (LDL) and high density lipoprotein (HDL) cholesterol in the plasma have opposing associations with CVD risk where an increase in plasma cholesterol indicates the increase of LDL (Emerging Risk Factors Collaboration et al. 2009). Reducing plasma cholesterol levels has thus been established as a way to reduce risk of CVD events (Cholesterol Treatment Trialists' (CTT) Collaboration et al. 2010). In CVD, creating drugs that hamper the progression of atherosclerosis by decreasing plasma cholesterol levels understandably seems to be the primary intention of most pharmaceutical companies. The Canakinumab Anti-inflammatory Thrombosis Outcome Study (CANTOS) trial was created to evaluate the potential role of the drug Canakinumab (a monoclonal antibody targeting interleukin-1β) to circumvent secondary cardiovascular events of patients with chronic inflammation with a high-sensitivity C-reactive protein level > or = 2 mg/L. The trial was carried out by Ridker et al. in 2017 with the aid of NOVARTIS where a 1:1:1:1.5 (placebo) ratio to one of three doses of canakinumab was implemented. Previously, the group observed that treatment with statins reduced both inflammation as well as cholesterol levels [START_REF] Ridker | Inflammation, Pravastatin, and the Risk of Coronary Events after Myocardial Infarction in Patients with Average Cholesterol Levels. Cholesterol and Recurrent Events (CARE) Investigators[END_REF]). However, the group also previously showed that markers of only inflammation, Creactive protein and IL-6 were directly associated to the increased risk of cardiovascular events, independent of cholesterol plasma levels [START_REF] Ridker | C-Reactive Protein and Other Markers of Inflammation in the Prediction of Cardiovascular Disease in Women[END_REF]. This therefore served as the basis of the canakinumab that downregulates C-reactive protein and IL-6 when IL-1β is inhibited without affecting the level of plasma cholesterol. The primary end-point of this trial was the occurrence of non-fatal MI, stroke or cardiovascular death and the secondary endpoints included (a) the primary end-point with additional hospitalisation for unstable angina leading to percutaneous coronary intervention (stenting) and (b) the incidence of new onset of T2D in pre-diabetic patients at the time of enrolment.

As compared with placebo, canakinumab diminished C-reactive protein level from baseline in a dose-dependent manner through 4 years, without a decrease in LDL level. At follow-up, the 150 mg dose was observed to correlate to a 0.6% absolute reduction in the primary end point mainly due to the reduction in the incidence of MI. In addition to that, a comparable modest treatment benefit in a secondary end point that additionally included hospitalisation for unstable angina requiring urgent revascularisation was also reported in the 150 mg dose. Canakinumab groups were shown to have a 0.13% absolute increase in fatal infection derived from pooled analyses. Thus, the findings of CANTOS not only provide impactful evidence that supports the inflammatory hypothesis of atherothrombosis, but also show that this pathway can be acted upon and that the reduction of inflammation with canakinumab led to a dampening in cardiovascular events. However, due to the lack of mortality benefit, humble effect size and augmented rate of fatal infection, the widespread use of canakinumab in patients at high risk for recurrent cardiovascular events accompanied by high inflammatory markers will need to wait until results are replicated and the risk-benefit trade-off is clarified (Ridker et al. 2017).

Atherosclerosis is defined as a disease that involves the narrowing of the lumen of arteries due to the build-up of an atherosclerotic plaque in the tunica intima via atherogenesis.

Haemodynamic stress such as turbulent blood flow may trigger the initial step of atherogenesis, activating arterial endothelial cells [START_REF] Falk | Pathogenesis of Atherosclerosis[END_REF]. There is increased permeability, reactive oxygen species (ROS) generation and expression of inflammatory adhesion proteins and chemokines. Lipoproteins then enter the sub-endothelium caused by the increased permeability and get oxidised. There is also adherence of monocytes to endothelium which also migrate to the sub-endothelial space and are activated into macrophagic foam cells that form fatty streaks (Camaré et al. 2017). This damage to the endothelium results in a local inflammatory response that leads to the formation of lipid-rich plaques in the tunica media.

This takes place over a period of time where the arterial wall starts to thicken and may cause stenosis when the plaque ruptures.

Figure 1:

Progressive atherogenesis leading to a rupture of a vulnerable atherosclerotic plaque [START_REF] Nelson | Potential Benefits of Eicosapentaenoic Acid on Atherosclerotic Plaques[END_REF].

This rupture of a vulnerable plaque involves the breakage of the fibrous cap where the cap is thinnest and most infiltrated by foam cells. Two mechanisms have been described that attribute to the thinning of the fibrous cap -the degradation of collagen from the cap by macrophages and the loss of smooth muscle cells from the cap (Fog et al. 2014). When this happens, the highly thrombogenic plaque content are in contact with the thrombogenic factors of the blood and forms a thrombus. When the resulting cascade of thrombus formation and platelet aggregation occurs in a coronary artery, it will lead to a coronary stenosis resulting in a loss of blood supply and oxygen to a part of the myocardium, inducing an acute MI [START_REF] Saleh | Understanding Myocardial Infarction[END_REF].

When there is no intervention after the onset of AMI such as the use of primary percutaneous coronary intervention (PCI), the ischemic cascade will be triggered.

Cardiomyocytes will then start to die within 15 to 30 minutes post-infarction and collagen formation occurs [START_REF] Nesto | The Ischemic Cascade: Temporal Sequence of Hemodynamic, Electrocardiographic and Symptomatic Expressions of Ischemia[END_REF]. With the ensuing tissue death and scar formation, the heart may then undergo multiple scenarios. Electrical malfunction in the heart can cause a sudden disruption in the synchronisation of the contractions. This is defined as ventricular fibrillation (VF). The chambers of the heart will not be able to contract and consequentially, not be able to pump blood to the lungs, brain and other vital organs. If no intervention occurs, this then results in death within minutes [START_REF] Wiggers | Ventricular Fibrillation Due to Single, Localized Induction and Condenser Shocks Applied during the Vulnerable Phase of Ventricular Systole[END_REF].

One other scenario would entail the development of heart failure. The myocardium that has been deprived of blood and oxygen supply will cease to function. Scar tissue and fibrosis will start to develop, and the myocardium will lose the ability to contract well. This will be translated into a reduced ejection fraction where there is a decrease in blood volume pumped from the left ventricle per contraction (stroke volume) as a percentage of blood volume remaining in the left ventricle after diastolic filling (end diastolic volume). This is therefore categorised as systolic heart failure [START_REF] Ho | Discriminating Clinical Features of Heart Failure with Preserved vs. Reduced Ejection Fraction in the Community[END_REF]). In the heart's attempt to rectify this, the left ventricle will then undergo remodelling based on cell signalling, increasing wall stress and decreasing wall thickness [START_REF] Crilley | Left Ventricular Remodelling and Brain Natriuretic Peptide after First Myocardial Infarction[END_REF]. This results in ventricular dilatation. This vicious cycle will continue until the heart will not be able to compensate and ultimately cease to function, leading to heart failure [START_REF] Alonso | Pathophysiology of Cardiogenic Shock. Quantification of Myocardial Necrosis, Clinical, Pathologic and Electrocardiographic Correlations[END_REF].

If the coronary occlusion is complete and persistent, an ST-elevated myocardial infarction (STEMI) is usually observed by an electrocardiogram [START_REF] Reimer | The 'Wavefront Phenomenon' of Myocardial Ischemic Cell Death. II. Transmural Progression of Necrosis within the Framework of Ischemic Bed Size (Myocardium at Risk) and Collateral Flow[END_REF]. STEMI patients will be admitted into the catheter lab for percutaneous coronary intervention such as stent insertion to alleviate the occlusion and allow reperfusion of blood and oxygen to the infarcted myocardium. Non-ST-elevated myocardial infarction (NSTEMI) patients encounter chest pain but do not show any indication of an ST elevation based on electrocardiogram (ECG) findings. This makes it difficult for doctors or paramedics to safely diagnose these patients as having a myocardial infarction and to distinguish them from patients suffering from unstable angina or chest pain. The complication that arises could be mediated by measuring troponin levels as NSTEMI patients will have increased plasma troponin levels as STEMI patients.

Cardiac troponin I is highly specific for myocardial tissue [START_REF] Adams | Cardiac Troponin I. A Marker with High Specificity for Cardiac Injury[END_REF]) and is not detectable in healthy patients. Cardiac troponin I starts to show greater than proportional increase in MI patients 4 hours post-estimated infarction time, having a peak at 15-24 hours and remain elevated for 6-8 days [START_REF] Cummins | Cardiac-Specific Troponin-I Radioimmunoassay in the Diagnosis of Acute Myocardial Infarction[END_REF]. Therefore, cardiac troponin I is a great marker for MI for the cases of both STEMI and NSTEMI.

LEFT VENTRICULAR REMODELLING POST-MYOCARDIAL INFARCTION

Over the years, heart failure is better understood by the elaboration of active biological molecules that elicit detrimental effects on the heart and circulation [START_REF] Douglas | Mechanisms and Models in Heart Failure[END_REF].

Although this model has been valuable in identifying mechanisms and contributing to the development of therapies such as β blockers and angiotensin converting enzyme (ACE)

inhibitors, the persistent nature of disease progression is still incompletely explained. A biomechanical model was therefore proposed that postulates that left ventricular (LV)

remodelling may participate independently to the progression of heart failure [START_REF] Martin | Left Ventricular Remodeling After Myocardial Infarction[END_REF]. Despite the use of PCIs and optimal standard pharmacotherapy, acute MI is still the prevalent cause of LV remodelling, occurring in 30% of anterior MI events. To date, the most well-understood mechanism underlying LV remodelling is the expansion of infarct caused by wall stress [START_REF] Richardson | Why Is Infarct Expansion Such an Elusive Therapeutic Target?[END_REF].

Historically, a 20% increase of LV end-diastolic volume (LVEDV) was first used in 1986 to define LV remodelling, and is still in use today although LV mass and LV end-systolic volume (LVESV) have also been utilised as indicators [START_REF] Tardif | Effects of Selective Heart Rate Reduction with Ivabradine on Left Ventricular Remodelling and Function: Results from the SHIFT Echocardiography Substudy[END_REF]. LVESV was observed to be a strong prognostic indicator for early and late mortality in the Global Utilization of Streptokinase and Tissue Plasminogen Activator for Occluded Coronary Arteries (GUSTO 1)

trial [START_REF] Migrino | End-Systolic Volume Index at 90 to 180 Minutes into Reperfusion Therapy for Acute Myocardial Infarction Is a Strong Predictor of Early and Late Mortality. The Global Utilization of Streptokinase and t-PA for Occluded Coronary Arteries (GUSTO)-I Angiographic Investigators[END_REF]. Kramer and colleagues observed that mortality was strongly associated with LVEDV, LVESV and LV ejection fraction (LVEF) in a meta-analysis of 30 mortality trials from 25 therapies (drug/device) [START_REF] Kramer | Quantitative Evaluation of Drug or Device Effects on Ventricular Remodeling as Predictors of Therapeutic Effects on Mortality in Patients with Heart Failure and Reduced Ejection Fraction: A Meta-Analytic Approach[END_REF]). An increase of 10% in LV endsystolic or -diastolic diameter has also been used to define LV remodelling by Farah et al., and the group observed a ±60% incident increase of LV remodelling post-MI compared with other studies, signifying importance in continuous measurements rather than cut-off values [START_REF] Farah | Prevalence and Predictors of Ventricular Remodeling after Anterior Myocardial Infarction in the Era of Modern Medical Therapy[END_REF]). Hence, this highlights the need for a precise definition of LV remodelling. The trigger for LV enlargement is myocyte loss leading to myocardial stretch, causing a dyskinesis in an area where remaining healthy myocardium starts to compensate for the loss of cardiac function. Myocardial wall stress is then reduced due to the ensuing increase in LV mass (Laplace's law) while the LV continues to dilate in attempt to preserve stroke volume (Starling's law). Remote tissue unaffected by MI then starts to develop hypertrophy which is adaptive and physiological initially and then rapidly becomes maladaptive and pathological (Burchfield, Xie, and Hill 2013) where constant sarcomere addition and cardiomyocyte elongation cause volume overload [START_REF] Frey Norbert | Hypertrophy of the Heart[END_REF]).

In terms of molecular changes, Dhalla et al. has utilised the term "subcellular remodelling" to include changes in the mitochondria, nucleus, sarcolemma, sarcoplasmic reticulum and the extracellular matrix. Anomalies in gene expression, protein content and enzyme activities are also included [START_REF] Dhalla | Subcellular Remodeling as a Viable Target for the Treatment of Congestive Heart Failure[END_REF]. The activation of the foetal gene programme seems to be the most important alteration regarding myocyte biology, affecting myosin gene expression that entails the reduction of alpha-myosin heavy chain (α-MHC) and an increase in β-MHC. Interestingly, α-MHC decreases by more than 70% in rodents as compared to 10% in humans although myocardial dysfunction can be associated even with a 2%-unit decrease. β-MHC lowers adenosine triphosphate (ATP) activity that is associated to reduced contraction velocity. The metabolic switch to glycolysis from fatty acid oxidisation is also another major constituent of the foetal phenotype, resulting in a net deficit of ATP production and starvation [START_REF] Nickel | Myocardial Energetics in Heart Failure[END_REF].

As myocardial infarction involves the death of the heart tissue and its cells, the body responds to this in order to rectify the damage that has been done. Therefore, in a response to myocardial infarction or to any form of tissue insult, the inflammation cascade will then be activated triggering both the body's innate and adaptive immunity.

INFLAMMATION IN MYOCARDIAL INFARCTION

Adult mammalian cardiomyocytes are terminally differentiated cells and therefore can rarely regenerate. In the event of a myocardial infarction, cardiomyocytes start to die, however, there is absence of new cells to replace the dying or dead cells. In this instance, an orchestrated sequence of an inflammation cascade start to recruit various immune cells into the insulted tissue [START_REF] Gentek | The Innate Immune Response in Myocardial Infarction, Repair, and Regeneration[END_REF]. Globally, there are 3 phases of this cascade namely, the inflammatory phases, the proliferative phase and the remodelling phase [START_REF] Frangogiannis | Regulation of the Inflammatory Response in Cardiac Repair[END_REF]). In the context of my hypothesis, only the inflammatory phase would be studied in the context of intrinsic and extrinsic cellular effectors.

INTRINSIC CELLULAR EFFECTORS

CARDIOMYOCYTES

Cardiomyocytes are striated, multi-nucleated muscle cells of heart tissue. They uniquely lose their ability to divide at birth, whereby growth of the heart involves only the increment of the size of cardiomyocytes but not in number. Cardiomyocytes contract by utilising myofibrils, consisting of sarcomeres in unison, resulting in what is known as the act of pumping by the heart, providing blood supply to the whole organism.

Due to obstruction of blood flow and oxygen, cardiomyocytes will begin to undergo necrosis and release danger-associated molecular patterns (DAMPs) in the ischemic tissue.

Cardiomyocytes that are still alive in the peri-infarct area have been shown to express intercellular adhesion molecule (ICAM)-1 [START_REF] Kukielka | Regulation of Intercellular Adhesion Molecule-1 (ICAM-1) in Ischemic and Reperfused Canine Myocardium[END_REF]) and produce both chemokines [START_REF] Tarzami | Chemokine Expression in Myocardial Ischemia: MIP-2 Dependent MCP-1 Expression Protects Cardiomyocytes from Cell Death[END_REF] as well as cytokines [START_REF] Gwechenberger | Cardiac Myocytes Produce Interleukin-6 in Culture and in Viable Border Zone of Reperfused Infarctions[END_REF]. This is in response to activation with IL-1, ROS or toll-like receptor (TLR) ligands. Cross talk between cardiomyocytes and infiltrating leukocytes determines the outcome of the injury [START_REF] Jones | Directing Transition from Innate to Acquired Immunity: Defining a Role for IL-6[END_REF].

ENDOTHELIAL CELLS

Apart from cardiomyocytes, endothelial cells are also a component of the heart.

Recently, endothelial cells were shown to be the majority of non-cardiomyocyte population in the heart [START_REF] Pinto | Revisiting Cardiac Cellular Composition[END_REF], therefore rendering them physiologically important. Pinto et al. also reported that total endothelial cells are comprised by blood vascular endothelial cells (±95%) and also lymphatic endothelial cells (±5%).

Infiltration of neutrophils have been demonstrated to be promoted by the activation of transcription forkhead box O4 (FoxO4) by endothelial cells in the ischemic heart (M. Zhu et al. 2015). DAMPs that are released by cardiomyocytes induce endothelial ICAM-1, promoting leukocyte interaction. In addition to this, there is upregulation of E-selectin in endothelial cells and P-selectin mobilisation from Weibel-Palade bodies of the infarcted tissue [START_REF] Weyrich | In Vivo Neutralization of P-Selectin Protects Feline Heart and Endothelium in Myocardial Ischemia and Reperfusion Injury[END_REF]). These selectins will then be expressed on the endothelial cell surface leading to the securing of neutrophils and monocytes, binding to leukocyte ligands [START_REF] Kolaczkowska | Neutrophil Recruitment and Function in Health and Inflammation[END_REF]. Similar to cardiomyocytes, endothelial cells also produce chemokines and cytokines [START_REF] Kumar | Induction of Monocyte Chemoattractant Protein-1 in the Small Veins of the Ischemic and Reperfused Canine Myocardium[END_REF].

PLATELETS

Platelets are recruited to the injured vessel wall where there is a laceration or rupture of an atherosclerotic lesion, leading to accumulation and formation of thrombus resulting in myocardial infarction. Apart from this, platelets can also produce adhesion proteins such as P-selectin, von Willebrand factor and fibronectin during inflammation [START_REF] Ruggeri | Adhesion Mechanisms in Platelet Function[END_REF]) which promote interactions with endothelial cells as well as leukocytes.

Platelet-derived growth factor (PDGF) and transforming growth factor (TGF)-β are also released, targeting monocytes and macrophages for wound healing [START_REF] Zarei | Role of Growth Factors and Biomaterials in Wound Healing[END_REF].

FIBROBLASTS

Fibroblasts are connective tissue cells that take part in producing extracellular matrix proteins. Due to technical/technological limitations and a lack of the identification cell specific markers, fibroblasts were initially thought to be the most abundant cell population [START_REF] Banerjee | Determination of Cell Types and Numbers during Cardiac Development in the Neonatal and Adult Rat and Mouse[END_REF]). However, as discussed earlier, currently there is a paradigm shift towards endothelial cells as being the majority of non-cardiomyocytes in the heart. Fibroblasts secrete pro-inflammatory mediators and matrix-degrading proteases in the inflammatory phase [START_REF] Frangogiannis | Resident Cardiac Mast Cells Degranulate and Release Preformed TNF-Alpha, Initiating the Cytokine Cascade in Experimental Canine Myocardial Ischemia/Reperfusion[END_REF]. Fibroblasts secrete chemokines and cytokines in the presence of DAMPs, particularly IL-1 [START_REF] Saxena | IL-1 Induces Proinflammatory Leukocyte Infiltration and Regulates Fibroblast Phenotype in the Infarcted Myocardium[END_REF]). 

EXTRINSIC CELLULAR EFFECTORS

NEUTROPHILS

The first immune cell type that infiltrates the infarcted myocardium are neutrophils [START_REF] Frangogiannis | Regulation of the Inflammatory Response in Cardiac Repair[END_REF]. This is due to the presence of chemokines and cytokines, histamine, DAMPs and complement components [START_REF] Mantovani | Neutrophils in the Activation and Regulation of Innate and Adaptive Immunity[END_REF]. Predominantly located in the peri-infarct area, recruitment of neutrophils entails capturing by P and E-selectin ligands on endothelial cells. They then roll along the endothelium and undergo conformational changes by interaction between integrins αLβ2 and αMβ and with endothelial ICAM-1 and 2, embedding them to the endothelium [START_REF] Detmers | Neutrophil-Activating Protein 1/Interleukin 8 Stimulates the Binding Activity of the Leukocyte Adhesion Receptor CD11b/CD18 on Human Neutrophils[END_REF]). The neutrophils then transmigrate into the myocardium where proteolytic enzymes are released to remove matrix debris and dead cells [START_REF] Ma | Neutrophil Roles in Left Ventricular Remodeling Following Myocardial Infarction[END_REF].

MONOCYTES

There are two phases by which monocytes are recruited in the infarcted myocardium.

In mice, pro-inflammatory Ly-6C high monocytes are deployed in the inflammatory phase while Ly-6C low monocytes are recruited in the anti-inflammatory phase [START_REF] Nahrendorf | The Healing Myocardium Sequentially Mobilizes Two Monocyte Subsets with Divergent and Complementary Functions[END_REF]).

Presence of chemokine (C-C) motif receptor 2 (CCR2) enables recruitment of Ly-6C high monocytes, binding to CCL2 and CCL7 in the infarcted myocardium [START_REF] Zouggari | Quantification of extracellular vesicles in cell culture supernatant HL-1 cells were grown in T150 cell culture flasks and medium ad been c anged to 20 ml 0,2 μm-filtered, serum-free HL-1 medium before putting t em to normoxic or ypoxic conditions. On t e day of collection cell culture supernatant was collected followed by two centrifugation steps to remove cell debris (first step: 15 min[END_REF].

Zouggari et al. also demonstrated that the source of CCL7 is likely from B cells as B cell depletion resulted in LV function and decreased the number of recruited monocytes. Here, the monocytes then digest infarcted tissue and remove cellular debris.

MACROPHAGES

Once in the infarcted myocardium, infiltrating Ly-6C high monocytes differentiate into M1 macrophages by the activation of lipopolysaccharides (LPS), Interferon (INF)-γ and tumour necrosis factor (TNF)-α [START_REF] Wermuth | The Significance of Macrophage Polarization Subtypes for Animal Models of Tissue Fibrosis and Human Fibrotic Diseases[END_REF] where they are classically associated with a pro-inflammatory response. M1 macrophages then participate in the phagocytosis of dead cells and secrete pro-inflammatory cytokines such as IL-1, IL-6, IL-12 and IL-23 [START_REF] Martinez | Macrophage Activation and Polarization[END_REF]. Apart from infarction recruited monocyte-derived macrophages, tissue resident macrophages also exist in the heart, playing a role in regulating heart function [START_REF] Gomez | Cardiomyocytes and Macrophages Discourse on the Method to Govern Cardiac Repair[END_REF]. Resident macrophages can either be derived in the embryonic stage in the yolk sac from an erythromyeloid progenitor [START_REF] Epelman | Origin and Functions of Tissue Macrophages[END_REF] or derived from monocytes that migrate to the myocardium in the absence of an injury.

Distinguishing resident macrophages and recruited monocyte-derived macrophages have been a considerable area of focus recently where the former participate in tissue homeostasis and coronary development while the latter, in tissue damage [START_REF] Honold | Resident and Monocyte-Derived Macrophages in Cardiovascular Disease[END_REF].

B LYMPHOCYTES

Zouggari et al. showed that B lymphocytes infiltrate the injured myocardium post-MI peaking at day 5. B-cells then produce chemokine CCL7 which results in mobilisation of Ly-6C high monocytes, augmenting the pro-inflammatory response. Inflammation was reduced when B-lymphocytes were depleted by utilising antibodies against B-cell activating factor (BAFF), attested by decreasing levels of systemic TNF, IL-18 and IL-1β, which resulted in the improvement of LV function and reduction of infarct size two weeks post-MI [START_REF] Zouggari | Quantification of extracellular vesicles in cell culture supernatant HL-1 cells were grown in T150 cell culture flasks and medium ad been c anged to 20 ml 0,2 μm-filtered, serum-free HL-1 medium before putting t em to normoxic or ypoxic conditions. On t e day of collection cell culture supernatant was collected followed by two centrifugation steps to remove cell debris (first step: 15 min[END_REF]. In another study, when pirfenidone (an orally active pyrinidone that has been shown to be anti-inflammatory and anti-fibrotic) was fed to diphtheria toxin cardiomyocyte ablated mice, there was a reduction of B lymphocytes in heart tissue and improved the survival of mice after diphtheria toxin-induced myocardial injury [START_REF] Adamo | Modulation of Subsets of Cardiac B Lymphocytes Improves Cardiac Function after Acute Injury[END_REF]).

T LYMPHOCYTES

Circulating cytotoxic T lymphocytes (CD8 + ) were shown to increase in rats one week post-MI and produce a cytotoxic effect on healthy neonatal cardiomyocytes [START_REF] Varda-Bloom | Cytotoxic T Lymphocytes Are Activated Following Myocardial Infarction and Can Recognize and Kill Healthy Myocytes in Vitro[END_REF]. However in 2006, Yang et al. showed that in lymphocyte deficient RAG1 KO mice, infarct sizes are significantly less than wild type (WT) counterparts. In addition to this, CD4 + T lymphocyte depleted mice but not CD8 + T lymphocyte depleted mice showed a significant reduction in infarct size and re-introduction of CD4 + T lymphocytes reversed the protection in recombination activation gene (RAG)1 KO mice. It is unclear whether this would lead to worsening of acute MI injury in vivo [START_REF] Yang | Myocardial Infarct-Sparing Effect of Adenosine A2A Receptor Activation Is Due to Its Action on CD4+ T Lymphocytes[END_REF]).

DANGER-ASSOCIATED MOLECULAR PATTERNS

Due to prolonged ischaemia, cardiomyocyte cell death programs are activated due to cell necrosis. The dying and necrotic cardiomyocytes release DAMPs that play a role in danger signalling, conjugating to Pattern Recognition Receptors (PRRs) of the innate immune system activating infiltrating leukocytes [START_REF] Weyrich | In Vivo Neutralization of P-Selectin Protects Feline Heart and Endothelium in Myocardial Ischemia and Reperfusion Injury[END_REF]. These DAMPs play an imperative role in establishing the 'danger model' of immunity [START_REF] Matzinger | The Danger Model: A Renewed Sense of Self[END_REF]. These DAMPs include High- [START_REF] Matzinger | The Danger Model: A Renewed Sense of Self[END_REF].

The PRRs mentioned above include transmembrane TLRs [START_REF] Seong | Hydrophobicity: An Ancient Damage-Associated Molecular Pattern That Initiates Innate Immune Responses[END_REF]), IL-1 receptors [START_REF] Pang | IL-1R Signaling in Dendritic Cells Replaces Pattern-Recognition Receptors in Promoting CD8 + T Cell Responses to Influenza A Virus[END_REF], cell surface receptor for advanced glycation end-products (RAGE) [START_REF] Heijmans | Rage Signalling Promotes Intestinal Tumourigenesis[END_REF] as well as nucleotide-binding oligomerisation domain (NOD)-like receptors (NLR) [START_REF] Martinon | Gout-Associated Uric Acid Crystals Activate the NALP3 Inflammasome[END_REF] which are detected by DAMPs.

DAMPs that play a role post-MI include, followed by some examples of DAMPS and their PRRs in the context of CVD in Table 1. Located in the nucleus and participating in stabilising and binding DNA, HMGB1 is also involved in inflammation [START_REF] Scaffidi | Release of Chromatin Protein HMGB1 by Necrotic Cells Triggers Inflammation[END_REF]. HMGB1 is actively released by activated monocytes and macrophages (H. [START_REF] Wang | HMG-1 as a Late Mediator of Endotoxin Lethality in Mice[END_REF], passively released when cells undergo necrosis, and induced by oxidative stress in cardiomyocytes [START_REF] Loukili | Peroxynitrite Induces HMGB1 Release by Cardiac Cells in Vitro and HMGB1 Upregulation in the Infarcted Myocardium in Vivo[END_REF].

Mersmann et al. demonstrated that when WT or TLR2 -/-mice that were induced with MIreperfusion, were injected with HMGB1 antagonist BoxA one hour before reperfusion, cardiomyocyte necrosis was reduced in WT mice and not in TLR2 -/-mice. Furthermore, there was a decrease in leukocyte infiltration, which is observed in the inflammatory phase of MI [START_REF] Vinten-Johansen | Involvement of Neutrophils in the Pathogenesis of Lethal Myocardial Reperfusion Injury[END_REF]. When Ding et al. induced MI-reperfusion in TLR4 mutant C3H/He mice, there was a decrease in infarct size and cardiomyocyte apoptosis with lowered expression of HMGB1 and TNF-α as compared to sham mice. Similarly, when Andrassy et al.

injected HMGB1 antagonist in WT mice, there was increased damaged in infarcted hearts as compared to RAGE -/-mice. RAGE sustains the activity of NF-κB (J. [START_REF] Li | Characterization and Functional Analysis of the Promoter of RAGE, the Receptor for Advanced Glycation End Products[END_REF], resulting in sustained inflammation.

HSP-60 is a chaperon protein that can be found on the surface of cardiomyocytes [START_REF] Frantz | Toll4 (TLR4) Expression in Cardiac Myocytes in Normal and Failing Myocardium[END_REF]. When Kim et al. treated rat cardiomyocytes with recombinant human HSP-60, they observed an increase in cardiomyocyte apoptosis which could be reduced by using anti-TLR4 antibodies as well as nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) binding decoys [START_REF] Kim | Therapeutic Strategies for Oxidative Stress-Related Cardiovascular Diseases: Removal of Excess Reactive Oxygen Species in Adult Stem Cells[END_REF]. Similarly, Heiserman et al. treated adult rat cardiomyocytes of C3H/He mice or WT mice with HSP-60 and observed that NF-κB was activated 1-hour post-treatment in WT mice. Hypoxia/reoxygenation studies demonstrated that treatment of WT cardiomyocytes with anti-HSP-60 antibody or TLR2/4 antibodies reduced apoptosis [START_REF] Heiserman | TLR4 Mutation and HSP60-Induced Cell Death in Adult Mouse Cardiac Myocytes[END_REF].

S100 calcium-binding protein A1 (S100A1) is an isoform of the S100 proteins that are most abundant in cardiomyocytes [START_REF] Kato | S100ao (Alpha Alpha) Protein Is Mainly Located in the Heart and Striated Muscles[END_REF]. Rohde et al. observed an elevation of S100A1 in the circulation of C57B6 mice post-MI and that there was S100A1 internalisation by mice cardiac fibroblasts adjacent to injured cardiomyocytes in vivo. In vitro analyses showed that there was internalisation of S100A1 only in fibroblasts and NF-κB was subsequently activated by TLR4. The S100A1 exposed fibroblasts took on an anti-fibrotic phenotype with increased ICAM-1 and diminished collagen levels. In addition to this, anti-S100A1 antibody was shown to increase infarct size and hamper heart function [START_REF] Rohde | S100A1 Is Released from Ischemic Cardiomyocytes and Signals Myocardial Damage via Toll-like Receptor 4[END_REF]).

THE COMPLEMENT CASCADE

The complement system is critical to the immune system, consisting of complement proteins and is the first line of defence against pathogen inflammation by forming a cascade.

This involves complement proteins that are either bound to target surface (damaged cells or pathogens) or in the plasma as a fluid phase [START_REF] Dunkelberger | Complement and Its Role in Innate and Adaptive Immune Responses[END_REF]. This defence is carried out by either lysing the pathogens directly or marking them for phagocytosis [START_REF] Rutkowski | The Complement Cascade as a Mediator of Tissue Growth and Regeneration[END_REF]. Summarised, there are three different pathways of complement cascade activation, namely the classical pathway, the lectin pathway and the alternative pathway [START_REF] Walport | Complement. First of Two Parts[END_REF]. [START_REF] Trouw | The Complement System as a Potential Therapeutic Target in Rheumatic Disease[END_REF].

The classical pathway entails the mediation by complement proteins C1q, C1s and C1r that form the C1 complex. The lectin pathway involves mannan-binding lectin serine protease (MASP)1/MASP2 and a mannose-binding lectin (MBL) or ficolin that led to the naming of this pathway. In both of these pathways, C1s (classical pathway) and MASP2 (lectin pathway) cleave C2 and C4, resulting in the formation of a C3-convertase. Lastly, the alternative pathway, protein C3 is hydrolysed spontaneously in the fluid phase to form an alternative C3convertase (C3bBb) on the target surface in the presence of factor B [START_REF] Merle | Complement System Part I -Molecular Mechanisms of Activation and Regulation[END_REF].

The three pathways converge in the formation of the C3 convertase that cleaves component protein C3 into C3a (small fragment) and C3b (large fragment). The latter product could be the first input step in the alternative pathway, indicating the role of the alternative pathway as an amplifier for the other 2 pathways. C3 convertase further interacts with C3b to form C5 convertase that cleaves C5 into C5a and C5b. The final result is the formation of the membrane attack complex formed by C5b, C6, C7, C8 and C9 [START_REF] Sarma | The Complement System[END_REF].

Anaphylatoxins or complement peptides C3a and C5a possess pro-inflammatory properties;

i.e. they are triggered and subsequently help with neutrophil recruitment, activating the endothelium to increase permeability as well as leukocyte adhesion [START_REF] Chakraborti | Complement Activation in Heart Diseases. Role of Oxidants[END_REF].

REACTIVE OXYGEN SPECIES

Oxidative stress occurs when there is an imbalance of ROS and antioxidant oxygen in the body where cells, proteins or DNA are damaged due to accumulated unpaired electrons that derive from the splitting of oxygen in search of other electrons to be paired [START_REF] Kurian | The Role of Oxidative Stress in Myocardial Ischemia and Reperfusion Injury and Remodeling: Revisited[END_REF]. ROS are produced by all layers of the vessel and play a role in cell communication, regulating and mediating vessel function such as growth and contraction/relaxation [START_REF] Kim | Therapeutic Strategies for Oxidative Stress-Related Cardiovascular Diseases: Removal of Excess Reactive Oxygen Species in Adult Stem Cells[END_REF]. They comprise of free radicals, namely superoxide anion (O2 -), hydroxyl radicals (HO -), nitric oxide (NO) and lipid radicals (ROO -). Radicals contributing to oxidative stress but which are not free include hydrogen peroxide (H2O2) and hypochlorous acid (HClO) [START_REF] Ray | Reactive Oxygen Species (ROS) Homeostasis and Redox Regulation in Cellular Signaling[END_REF].

ROS are produced in two ways -1) as a by-product of mitochondrial oxidative metabolism and 2) as intentional cellular stress, cytokines or pathogen responders in signal transduction pathways (J. [START_REF] Zhang | ROS and ROS-Mediated Cellular Signaling[END_REF]. Maintaining these processes and the balance between ROS and antioxidants is imperative to homeostasis and is regulated by superoxide dismutases (SOD). They catalyse the conversion of free radicals into O2 and H2O2.

Subsequently, H2O2 is then transformed into water and oxygen by other antioxidant proteins (H. [START_REF] Li | Oxidative Stress in Vascular Disease and Its Pharmacological Prevention[END_REF]. In pathophysiological conditions such as MI, there is difficulty in maintaining this redox equilibrium, especially so where oxygen delivery to the myocardium is approximately 1.7 times higher than other tissues [START_REF] Kura | Oxidative Stress-Responsive MicroRNAs in Heart Injury[END_REF]. Indeed, pathogenesis of cardiomyopathy, heart failure and hypertrophy have been studied and associated to the dysregulated generation of ROS where there is increased levels in cardiac remodelling and mismanagement of myocardial calcium induced by cardiomyocyte necrosis, apoptosis and hypertrophic signalling [START_REF] Moris | The Role of Reactive Oxygen Species in the Pathophysiology of Cardiovascular Diseases and the Clinical Significance of Myocardial Redox[END_REF]).

METABOLIC SYNDROME

Deemed a complex disorder, metabolic syndrome (MetS) was historically known as "syndrome X" by Reaven who postulated that it was key in the development of CVD and type II diabetes (T2D) via insulin resistance of tissues [START_REF] Reaven | Role of Insulin Resistance in Human Disease[END_REF]. It can be defined as cluster of inter-related factors that heightens the risk of CVD and T2D. An elevation of triglycerides and apolipoprotein B (apoB)-containing lipoproteins and a diminution HDL are characteristics of dyslipidaemia and are main components of MetS, alongside dysregulation of glucose homeostasis and hypertension. Insulin resistance and abdominal obesity have also garnered attention as core constituents of MetS [START_REF] Kassi | Metabolic Syndrome: Definitions and Controversies[END_REF].

Of late, other anomalies such as non-alcoholic fatty liver disease, chronic proinflammatory and pro-thrombotic states as well as sleep apnoea are added to the syndrome constituents rendering its definition as being highly complex, evidenced in the debate The pancreas produces insulin, which is a hormone that enables cells in the body to receive glucose in the blood in order to produce energy. The prolonged inability of the pancreas to produce sufficient insulin or the inefficacy of usage of produced insulin by the body (insulin resistance) results in diabetes [START_REF] Masharani | Chapter 17. Pancreatic Hormones and Diabetes Mellitus[END_REF].

TYPE II DIABETES

Diabetes can be divided into three types: Type 1 diabetes (T1D), T2D and gestational diabetes (GD). T1D is characterised by a destruction of insulin producing beta cells in the pancreas due to an autoimmune response [START_REF] Katsarou | Type 1 Diabetes Mellitus[END_REF]. T2D, on the other hand is the major type of diabetes accounting for 90% of diabetic patients globally [START_REF] Alberti | Adipose-Derived Mesenchymal Stem Cells Isolated from Patients with Type 2 Diabetes Show Reduced 'Stemness' through an Altered Secretome Profile, Impaired Anti-Oxidative Protection, and Mitochondrial Dynamics Deterioration[END_REF] and is characterised by insulin resistance due to poor lifestyle habits such as lack of exercise and poor weight management. Lastly, GD affects pregnant women who experience hyperglycaemia during their pregnancy without prior diabetic history.

According to IDF, approximately 463 million adults between the age of 20 and 79 were living with diabetes in 2019 and the numbers are expected to rise to 700 million by 2045. The proportion of T2D suffering people is increasing in most countries with ±80% of the adults coming from low-and middle-income countries. In 2019 alone, diabetes has caused about 4.2 million deaths worldwide (IDF Reports, 2019).

INSULIN SIGNALLING

Like MetS, T2D is comprised of a heterogenous collection of metabolic disorders such as insulin resistance, obesity, unique dyslipidaemia and hyperglycaemia [START_REF] Lin | Current Views on Type 2 Diabetes[END_REF].

Beta cells of the pancreas release insulin into the blood in the presence of ingested carbohydrates. Carbohydrates then are broken down into monosaccharides that are required for metabolism, mainly glucose (80%), fructose and galactose [START_REF] Khonsary | Guyton and Hall: Textbook of Medical Physiology[END_REF]. Glucose that is absorbed into the bloodstream is called blood glucose. The augmentation of blood glucose serves as a stimulus for insulin secretion by beta cells in the islets of Langerhans. Blood glucose is taken by cells in the body via facilitated diffusion from glucose transporters such as glucose transporter (GLUT)4 (for myocytes) in the presence of insulin. Binding of insulin to insulin receptors (IR) on cells leads to an activation of an intracellular tyrosine-kinase domain.

Insulin Receptor Substrate (IRS)-1 then binds to an enzyme called phosphoinositide 3kinase (PI3K), converting the membrane phosphatidylinositol (4,5)-bisphosphate (PIP2) to phosphatidylinositol (3,4,5)-trisphosphate (PIP3) [START_REF] Tanti | Overexpression of a Constitutively Active Form of Phosphatidylinositol 3-Kinase Is Sufficient to Promote Glut 4 Translocation in Adipocytes[END_REF]. Protein kinase B (Akt) [START_REF] Tanti | Potential Role of Protein Kinase B in Glucose Transporter 4 Translocation in Adipocytes[END_REF]) and 3-phosphoinositide-dependent protein kinase-1 (PDK1) [START_REF] Cohen | PDK1, One of the Missing Links in Insulin Signal Transduction?[END_REF] in the presence of PIP3, activates Akt and the resulting active Akt then inhibits the GTPase-activating domain by phosphorylating AS160/TBC1D4 (a Rab GTPase-activating protein). GLUT4 would then be translocated to the plasma membrane due to this inhibition [START_REF] Carvalho | Insulin Resistance in Fat Cells from Obese Zucker Rats--Evidence for an Impaired Activation and Translocation of Protein Kinase B and Glucose Transporter 4[END_REF]. In T2D, insulin resistance could be attributed by serine phosphorylation on IRS-1 [START_REF] Morino | Molecular Mechanisms of Insulin Resistance in Humans and Their Potential Links with Mitochondrial Dysfunction[END_REF]. Hyper-serine phosphorylation of IRS-1 on Ser 302 , Ser 307 , Ser 612 and Ser 632 have been shown in recent studies involving insulin-resistant rodent models (C. [START_REF] Yu | Mechanism by Which Fatty Acids Inhibit Insulin Activation of Insulin Receptor Substrate-1 (IRS-1)-Associated Phosphatidylinositol 3-Kinase Activity in Muscle[END_REF]. In addition to this, knockdown of certain Ser/Thr kinases such as inhibitor of nuclear factor, IκB kinase-β subunit (IKK-β) [START_REF] Yuan | Reversal of Obesity-and Diet-Induced Insulin Resistance with Salicylates or Targeted Disruption of Ikkbeta[END_REF]) and c-Jun NH2terminal kinase (JNK) [START_REF] Hirosumi | A Central Role for JNK in Obesity and Insulin Resistance[END_REF] resulted in abrogation of HFD induced insulin resistance in mouse models. In vitro studies have also demonstrated that PI3K activation was prevented by serine phosphorylation due to the dissociation of IRS-1 and PI3K [START_REF] Aguirre | Phosphorylation of Ser307 in Insulin Receptor Substrate-1 Blocks Interactions with the Insulin Receptor and Inhibits Insulin Action[END_REF].

GLUT4 TRANSLOCATION TO PLASMA MEMBRANE

In addition to this, mitochondrial dysfunction leading to a reduced mitochondrial fatty acid oxidation and accumulation of diacylglycerol and fatty acid acyl coenzyme A (CoA) has also been shown to increase serine phosphorylation of protein kinase C via c-Jun N-terminal kinases (JNK)-1 or IKK-β [START_REF] Lowell | Mitochondrial Dysfunction and Type 2 Diabetes[END_REF]. The end-result of these effects lead to the decrease in GLUT4 translocation which subsequently leads to impaired cellular glucose uptake, therefore inducing hyperglycaemia. In mammals, the need to decrease blood glucose and to increase fatty acid consumption is triggered by insulin-sensitive tissues, including the heart. Insulin signalling via PI3K/Akt pathways is imperative in cardiac glucose uptake [START_REF] Brownsey | Actions of Insulin on the Mammalian Heart: Metabolism, Pathology and Biochemical Mechanisms[END_REF].

MYOCARDIAL INFARCTION AND TYPE II DIABETES

Compared to non-diabetic patients, T2D patients possess a marked higher risk of coronary heart disease. Despite significant advancements in acute coronary syndrome, the increased mortality rate of T2D patients is still prevalent [START_REF] Koskinen | Coronary Heart Disease Incidence in NIDDM Patients in the Helsinki Heart Study[END_REF]). In addition to that, the risk of MI in T2D patients without prior MI is equivalent to those with previous MI, rendering the concept of T2D as being a "CVD risk equivalent" highly applicable in clinical practice [START_REF] Haffner | Mortality from Coronary Heart Disease in Subjects with Type 2 Diabetes and in Nondiabetic Subjects with and without Prior Myocardial Infarction[END_REF]. As mentioned earlier, patients with T2D have a much higher risk of cardiovascular events, where indeed MI is often the first presentation in T2D patients [START_REF] Norhammar | Glucose Metabolism in Patients with Acute Myocardial Infarction and No Previous Diagnosis of Diabetes Mellitus: A Prospective Study[END_REF]. Several mechanisms possibly play a role in increasing cardiovascular risk in T2D patients including metabolic substrate flexibility, microcirculation, macrocirculation, inflammation and the cytokine cascade which will be described below.

METABOLIC SUBSTRATE FLEXIBILITY

Cardiomyocytes demand a high amount of energy due to their continuous contraction, therefore they employ a variety of substrates such as fatty acids, lactates, amino acids, carbohydrates and ketones to produce energy [START_REF] Jia | Insulin Resistance and Hyperinsulinaemia in Diabetic Cardiomyopathy[END_REF]. Metabolic substrate flexibility is the term used to describe such an ability under normal conditions [START_REF] Borghetti | Diabetic Cardiomyopathy: Current and Future Therapies. Beyond Glycemic Control[END_REF]. Fatty acids and glucose are usually used as substrates by cardiomyocytes. Circulating fatty acids are produced by adipose tissue or from the lipolysis of circulating complex lipids. They are transported to the cardiomyocytes via fatty acid translocase or CD36, fatty acid binding protein or fatty acid transporter proteins.

Cardiomyocytes also have access to fatty acids endogenously from cardiac triglycerides storage. Here, ATP is then produced by β-oxidation of fatty acids in the mitochondria. Glucose uptake, on the other hand is dependent on insulin and the translocation of GLUT4 via IRS-1/2 and subsequently mediated by PI3K/Akt and AMP-activated protein kinase [START_REF] Jia | Insulin Resistance and Hyperinsulinaemia in Diabetic Cardiomyopathy[END_REF]. ATP is then produced through pyruvate oxidation in the mitochondria.

As mentioned earlier, in T2D, insulin resistance and hyperglycaemia hinder GLUT4 translocation and therefore cause a deficit in glucose uptake. Unsurprisingly, the mitigation of GLUT4 expression and PI3K/Akt signalling are also evidenced in the LVs of T2D patients [START_REF] Cook | Abnormal Myocardial Insulin Signalling in Type 2 Diabetes and Left-Ventricular Dysfunction[END_REF]. The substrate usage is then shifted to fatty acids resulting in an increase of fatty acid supply as well as β-oxidation. As cardiomyocytes are not accustomed to storing lipids, lipotoxicity occurs and further compromises glucose oxidation by hampering pyruvate and glucose usage by inhibiting pyruvate dehydrogenase. Peroxisome proliferator-activated receptors (PPAR)-mediated cell apoptosis is also induced [START_REF] Goyal | Diabetic Cardiomyopathy: Pathophysiological Mechanisms and Cardiac Dysfuntion[END_REF], accompanied by the inhibition of autophagy [START_REF] Mandavia | Molecular and Metabolic Mechanisms of Cardiac Dysfunction in Diabetes[END_REF]. Consequentially, there is an imbalance between substrate utilisation and ATP production as well as a loss of substrate flexibility that ultimately lead to inefficient contraction/relaxation coupling and implicate cardiomyocyte calcium handling [START_REF] Jia | Insulin Resistance and Hyperinsulinaemia in Diabetic Cardiomyopathy[END_REF]. Currently, the hyperglycaemia-induced substrate shift towards fatty acid oxidation in the mitochondria is primarily deemed responsible for the cardiomyocyte damage in diabetic cardiomyopathy [START_REF] Rodrigues | Metabolic Disturbances in Diabetic Cardiomyopathy[END_REF].

Figure 6: Flowchart depicting lipotoxicity and glycotoxicity inducing downstream events on the cardiomyocyte levels under chronic diabetic stress.

MICROCIRCULATION

Central and local regulatory mechanisms govern microcirculation in the body. While the central regulation employs both sympathetic and parasympathetic nervous system of vascular smooth muscle, the local regulation is performed by endothelial cells.
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Diabetic Cardiomyopathy

In central regulation, impairment of autoregulation of blood flow in the heart may occur due to defects in the autonomic nervous system such as diabetic autonomic neuropathy (DAN) [START_REF] Smith | Cardiac Autonomic Dysfunction in Patients with Diabetic Retinopathy[END_REF]. In patients with DAN, Taskiran et al. demonstrated that there is a reduction in the normal cardiac flow reserve when met with an increased demand of myocardial perfusion, resulting in a higher risk of possible death. Nitric oxide (NO)

is an endothelial vasodilator involved in local regulation. In diabetes, there is a reduction in the secretion of NO due to insulin resistance in endothelial cells [START_REF] Muniyappa | Role of Insulin Resistance in Endothelial Dysfunction[END_REF]. In addition, there is an augmentation of endothelin-1 (a vasoconstrictor) that would therefore lead to the vasoconstriction of vessels [START_REF] Idris-Khodja | Endothelin-1 Overexpression Exaggerates Diabetes-Induced Endothelial Dysfunction by Altering Oxidative Stress[END_REF]. Hypertension and reduced blood flow would then be induced, increasing the risk of CVD.

Capillary basement membrane plays an important role in the exchange of nutrients and metabolic products between blood and tissue. Prolonged hyperglycaemia contributes to the thickening of the basement membrane and thus hampers this exchange [START_REF] Hayden | The Central Role of Vascular Extracellular Matrix and Basement Membrane Remodeling in Metabolic Syndrome and Type 2 Diabetes: The Matrix Preloaded[END_REF]. In the heart, this could lead to dire consequences as oxygen exchange between coronary arteries and heart tissue is also impaired [START_REF] Law | Diabetes-Induced Alterations in the Extracellular Matrix and Their Impact on Myocardial Function[END_REF].

MACROCIRCULATION

Regardless of the presence of diabetes, atherosclerosis is one of the major risk factors of CVD. The pathogenesis of atherosclerosis has already been described earlier in the section "Myocardial Infarction". Dyslipidaemia is highly observed in diabetic patients [START_REF] Bucholz | Prevalence and Predictors of Cholesterol Screening, Awareness, and Statin Treatment Among US Adults With Familial Hypercholesterolemia or Other Forms of Severe Dyslipidemia (1999-2014)[END_REF] resulting in an augmentation of triglycerides and a diminution of HDL in the blood due to prolonged insulin resistance. Insulin activates lipoprotein lipase that regulates the uptake of free fatty acid (FFA) of adipocytes for storage. Apart from this, insulin also hampers hormone sensitive lipase thus decreasing the release of FFA into the blood [START_REF] Laakso | Lipid Disorders in Type 2 Diabetes[END_REF].

Hypertriglyceridemia can lead to a decrease in blood HDL [START_REF] Duell | Nonenzymatic Glycosylation of HDL and Impaired HDL-Receptor-Mediated Cholesterol Efflux[END_REF]. LDLs are thus more predominant in diabetic patients. Due to their small size, LDLs can also easily attach and penetrate vessel walls. Oxidation of LDL can occur due to the ROS and nitric oxide synthase (NOS) [START_REF] Karimi | Kinetic Modeling of Low Density Lipoprotein Oxidation in Arterial Wall and Its Application in Atherosclerotic Lesions Prediction[END_REF]) leading to oxidised LDL (oxLDL). Due to this, they express oxidation-specific epitopes that are recognised as host-derived DAMPs [START_REF] Miller | Oxidation-Specific Epitopes Are Danger-Associated Molecular Patterns Recognized by Pattern Recognition Receptors of Innate Immunity[END_REF]. Leukocytes are then attracted and ingest LDLs, leading to the formation of foam cells that in turn promote the proliferation of other cells such as smooth muscle cells and endothelial cells, starting the process of atherosclerosis.

INFLAMMATION

INFLAMMOSOMES

Inflammation in the context of myocardial ischaemia represents a rather early adaptive response that aims to restore cardiac homeostasis against an acute stress [START_REF] Prabhu | The Biological Basis for Cardiac Repair After Myocardial Infarction: From Inflammation to Fibrosis[END_REF]. Chronic stress such as that induced by T2D causes a maladaptive proinflammatory response. Inflammasomes are multiprotein intracellular complexes that detect DAMPs [START_REF] Guo | Inflammasomes: Mechanism of Action, Role in Disease, and Therapeutics[END_REF]. The inflammasome nucleotide-binding oligomerisation domain like receptor pyrin domain containing 3 (NLRP3) is a multiprotein signalling complex regulator of inflammatory processes and cellular death [START_REF] Gong | Mitochondrial Dysfunction Induces NLRP3 Inflammasome Activation during Cerebral Ischemia/Reperfusion Injury[END_REF].

As mentioned before, in T2D, there is a shift in metabolic substrate towards fatty acid utilisation. This results in an augmentation of DAMP-associated ROS production, boosting NLRP3 expression. Mediation of IL-1β and IL-18 production are associated with inflammasome stimulation and these ILs induce cardiomyocyte apoptosis and can lead to adverse cardiac remodelling [START_REF] Santiago | High Molecular Weight Fibroblast Growth Factor-2 in the Human Heart Is a Potential Target for Prevention of Cardiac Remodeling[END_REF]. Upon NLRP3 assembling, IL-1β and IL-18 (substrates of caspase-1) are recruited in the maturation of cytokines and activate pore formation in cell membranes as well as cell death [START_REF] Shalini | Old, New and Emerging Functions of Caspases[END_REF]. In agreement, an ±90-fold increase in apoptosis was found in cardiac tissue biopsies of patients with diabetic cardiomyopathy as compared to non-diabetic patients [START_REF] Kuethe | Apoptosis in Patients with Dilated Cardiomyopathy and Diabetes: A Feature of Diabetic Cardiomyopathy?[END_REF]). NLRP3 therefore, provides a possible explanation in terms of a possible mechanism for the activation and the progression of diabetic cardiomyopathy mediated by cytokines.

LEUKOCYTE INFILTRATION

Currently, research is also focusing on what happens before the emergence of clinical signs of diabetic cardiomyopathy, in particular to comprehend early modulators of low-grade inflammation that takes place in an intracardiac manner at the cellular and subcellular level.

As previously mentioned, hyperglycaemia induces cell injury and subsequently results in the infiltration and accumulation of different leukocytes such as neutrophils, macrophages and T lymphocytes into the damaged myocardium. The earliest defence is brought about by neutrophils that polarise macrophages to take on an M2 phenotype, focusing on tissue repair [START_REF] Horckmans | Neutrophils Orchestrate Post-Myocardial Infarction Healing by Polarizing Macrophages towards a Reparative Phenotype[END_REF]). Here, other immune cells are then primed by protein and DNA release via the formation and secretion of neutrophil extracellular traps (NETs), boosting inflammation and contribution to the development of diabetic cardiomyopathy [START_REF] Papayannopoulos | Sweet NETs, Bitter Wounds[END_REF]. Enriched in diabetic patients, the secretion of NETs then modulates cell death by the production of NF-κB and ROS. Adversely, the dysregulation of NETs secretion acts as a trigger for proinflammatory responses (S. L. [START_REF] Wong | Diabetes Primes Neutrophils to Undergo NETosis, Which Impairs Wound Healing[END_REF].

Efferocytosis is a process where apoptotic cells are removed by phagocytosis and this process is employed by activated macrophages, curtailing inflammation [START_REF] Deberge | Efferocytosis and Outside-In Signaling by Cardiac Phagocytes. Links to Repair, Cellular Programming, and Intercellular Crosstalk in Heart[END_REF].

In diabetic patients, hyperglycaemia debilitates the chemotactic, lysosomal and phagocytic activity of macrophages [START_REF] Khanna | Macrophage Dysfunction Impairs Resolution of Inflammation in the Wounds of Diabetic Mice[END_REF], and this indeed has been shown to have a correlation with blood glucose levels [START_REF] Jakelić | Nonspecific Immunity in Diabetes: Hyperglycemia Decreases Phagocytic Activity of Leukocytes in Diabetic Patients[END_REF]. Of late, the hypothesis of the existence of several macrophage phenotypes seem to overshadow the classical categorisation of pro-inflammatory (M1) and pro-reparative (M2) phenotype, despite the need for further elucidation [START_REF] Xue | Transcriptome-Based Network Analysis Reveals a Spectrum Model of Human Macrophage Activation[END_REF]). However, this does not alter the observation that MI macrophages are indeed the predominant form found in diabetic patients and are enriched in the cardiac tissue prior to the onset of cardiac dysfunction [START_REF] Nahrendorf | The Healing Myocardium Sequentially Mobilizes Two Monocyte Subsets with Divergent and Complementary Functions[END_REF]).

T lymphocyte depletion has been evidenced to be cardioprotective [START_REF] Nevers | Left Ventricular T-Cell Recruitment Contributes to the Pathogenesis of Heart Failure[END_REF]) [START_REF] Bansal | Activated T Lymphocytes Are Essential Drivers of Pathological Remodeling in Ischemic Heart Failure[END_REF]. In T2D, T regulatory (Treg) and T helper (Th) cells play an immense role in both vascular changes and inflammation. Th1, Th17 and Th22 are pro-inflammatory in nature and have been shown to participate in coronary artery disease in patients with diabetic cardiomyopathy while Th2, being anti-inflammatory, is diminished along with Treg cells that supress Th1 activity (R. [START_REF] Zhao | Increased Peripheral Proinflammatory T Helper Subsets Contribute to Cardiovascular Complications in Diabetic Patients[END_REF]. Treg cells possess the ability to mediate inflammation and tissue damage by suppressing pro-inflammatory Th1 and Th17 cells via cytokine secretion [START_REF] Bluestone | Type 1 Diabetes Immunotherapy Using Polyclonal Regulatory T Cells[END_REF]. It also has been shown in a study by Zeng et al. that the imbalance of Treg to either Th1 or Th17 ratios that promote pro-inflammatory responses are found in diabetic patients [START_REF] Zeng | The Imbalance of Th17/Th1/Tregs in Patients with Type 2 Diabetes: Relationship with Metabolic Factors and Complications[END_REF].

CYTOKINE CASCADE

Cytokines, especially those that are pro-inflammatory, have been proposed as early as 1996 by Seta et al. to take on an imperative role in heart failure [START_REF] Seta | Basic Mechanisms in Heart Failure: The Cytokine Hypothesis[END_REF]. Here, the advancement of heart failure and cardiovascular disease is hypothesised to be driven by a detrimental cytokine cascade that is entrenched in cardiomyocytes as well as the peripheral circulation. When there is a modification in cardiac homeostasis, cytokines modulate inflammatory responses in attempt to re-establish homeostasis, without discriminating the cause of the imbalance. In T2D, hyperglycaemia is chronic, and therefore the "switch-on response" of cytokines is persistently triggered as restoration of cardiac homeostasis is always attempted. This maladaptive response of cardiomyocyte leads to the overproduction of cytokines and inflammation then becomes persistent. The presence of cytokines in the failing heart has been evidenced since early on [START_REF] Torre-Amione | Tumor Necrosis Factor-Alpha and Tumor Necrosis Factor Receptors in the Failing Human Heart[END_REF]. However, whether cytokines truly symbolise the maladaptive response of cardiomyocytes towards the reestablishment of cardiac homeostasis has yet to be fully elucidated.

IL-1β, IL-6, IL-18, IFN-γ, TGF-β and TNF-α are examples of cytokines that have been demonstrated to be secreted by leukocytes such as macrophages and lymphocytes at the commencement of inflammation, with the role of initiators or as aggravators of cardiac insult [START_REF] Biernacka | Smad3 Signaling Promotes Fibrosis While Preserving Cardiac and Aortic Geometry in Obese Diabetic Mice[END_REF]) [START_REF] Dinh | Elevated Plasma Levels of TNF-Alpha and Interleukin-6 in Patients with Diastolic Dysfunction and Glucose Metabolism Disorders[END_REF]) [START_REF] Masters | The Inflammasome in Atherosclerosis and Type 2 Diabetes[END_REF]. Presence of such cytokines in dysfunctional hearts prior to symptom expression has been found, contributing to the stiffening of the cardiac wall and the reduction of contractility [START_REF] Bajpai | The Role of Leukocytes in Diabetic Cardiomyopathy[END_REF].

Interleukins IL-1β and IL-18 encourage apoptosis and fibroblast formation [START_REF] Santiago | High Molecular Weight Fibroblast Growth Factor-2 in the Human Heart Is a Potential Target for Prevention of Cardiac Remodeling[END_REF]. Another interleukin, IL-6 has also been shown to be involved in cardiac injury and heart failure [START_REF] Hartupee | Positioning of Inflammatory Biomarkers in the Heart Failure Landscape[END_REF]. LV dilation and collagen deterioration are modulated by TNF [START_REF] Sivasubramanian | Left Ventricular Remodeling in Transgenic Mice with Cardiac Restricted Overexpression of Tumor Necrosis Factor[END_REF]) and the IL-33 receptor, soluble cardiac biomarker (sST2)

was approved by the FDA, rendering it the first inflammatory cardiac biomarker for the prognosis of heart failure [START_REF] Mann | Innate Immunity and the Failing Heart: The Cytokine Hypothesis Revisited[END_REF].

In diabetes, the cytokines secreted in the cardiac tissue increases vascular permeability and therefore permit added leukocyte infiltration via paracrine or autocrine mechanisms, exacerbating tissue injury [START_REF] Hokama | Diabetes Enhances Leukocyte Accumulation in the Coronary Microcirculation Early in Reperfusion Following Ischemia[END_REF]) [START_REF] Pettersson | Increased Recruitment but Impaired Function of Leukocytes during Inflammation in Mouse Models of Type 1 and Type 2 Diabetes[END_REF]). Correlation has also been found between the augmentation of pro-inflammatory cytokines in the circulation such as IL-6 and TNF-α and the severity of cardiac disease progression [START_REF] Testa | Circulating Levels of Cytokines and Their Endogenous Modulators in Patients with Mild to Severe Congestive Heart Failure Due to Coronary Artery Disease or Hypertension[END_REF], even more so with patients with diabetes (Grundy 2016). As described previously, the heart is comprised by a plethora of cells which include cardiomyocytes, endothelial cells, fibroblasts and immune cells. The specific contribution of cardiomyocytes in the release of proinflammatory cytokines in the failing heart needs to be explored [START_REF] Doroudgar | The Cardiokine Story Unfolds: Ischemic Stress-Induced Protein Secretion in the Heart[END_REF]. CHAPTER 2: EXTRACELLULAR VESICLES

EXTRACELLULAR VESICLE NOMENCLATURE

The description of extracellular vesicles (EVs) was first coined by Peter Wolf in 1967, terming them as "platelet dust" -a product of platelets. Since then, the field of extracellular vesicles has been exponentially increasing, having a total of 907 global publications in 2017 alone (Wang et al. 2019). Initially perceived as being inert products of cellular debris, there has indeed been a paradigm shift in how EVs are viewed over the past decade. EVs have since been demonstrated to play a role in cell to cell communication in the late 1990s in cancer [START_REF] Wolfers | Tumor-Derived Exosomes Are a Source of Shared Tumor Rejection Antigens for CTL Cross-Priming[END_REF]) and immune responses [START_REF] Raposo | B Lymphocytes Secrete Antigen-Presenting Vesicles[END_REF]. This role of communication was further supported by the emerging evidence in 2007 that EVs were actually harbouring mRNA and miRNA cargo that remained functional in recipient cells post transfer (Valadi et This imperative need for proper nomenclature arose from the difficulty in assigning a particular biogenesis pathway to EV subtypes that were initially termed as "microvesicles" that are formed by membrane blebbing and "exosomes" that are formed by the fusion of multivesicular bodies (MVB) with the plasma membrane leading to the release of intraluminal vesicles (ILVs) [START_REF] Pan | Electron Microscopic Evidence for Externalization of the Transferrin Receptor in Vesicular Form in Sheep Reticulocytes[END_REF]. In terms of diameter size, microvesicles can range from 50 nm to 1,000 nm while exosomes have been reported to have a size ranging from 30 to 100 nm in diameter. Similar to microvesicles, apoptotic bodies are formed by blebbing of the cell membrane during apoptotic disassembly processes (Atkin- [START_REF] Atkin-Smith | A Novel Mechanism of Generating Extracellular Vesicles during Apoptosis via a Beads-on-a-String Membrane Structure[END_REF]. Ranging in size from 1 to 5 µm, they present an alternative option where molecules and signals can be transferred to neighbouring cells and could therefore circumvent disease progression (van Niel, D'Angelo, and Raposo 2018). 

EXTRACELLULAR VESICLE BIOGENESIS

MICROVESICLE BIOGENESIS

As explained above, microparticles or microvesicles were first studied as plateletderived products and therefore the initial studies were centred on platelets. Activated platelets were found to have increased intracellular calcium that regulates certain proteins maintaining membrane symmetry which is disrupted in response to a stimuli, injury and/or apoptosis [START_REF] Morel | Cellular Mechanisms Underlying the Formation of Circulating Microparticles[END_REF].

Membrane asymmetry entails the transfer of phospholipids such as phosphatidylserine (PS) to the inner leaflet from the outer leaflet which is performed by flippases while inversely, the transfer of phospholipids from the inner leaflet to the outer leaflet is done by floppases [START_REF] Hugel | Membrane Microparticles: Two Sides of the Coin[END_REF]. Translocation of phospholipids can also occur in both directions with the presence of scramblases [START_REF] Montigny | On the Molecular Mechanism of Flippase-and Scramblase-Mediated Phospholipid Transport[END_REF]. A potent actinsevering protein, gelsolin also leads to membrane asymmetry, removing capping proteins and breaking down of actin filaments [START_REF] Sun | Gelsolin, a Multifunctional Actin Regulatory Protein[END_REF]. Taken together, these processes result in the negatively charged PS being exposed on the cell surface [START_REF] Reutelingsperger | Annexin V, the Regulator of Phosphatidylserine-Catalyzed Inflammation and Coagulation during Apoptosis[END_REF]. The augmentation of intracellular calcium results in the activation of intracellular signalling molecules that include Rho kinase and calpain. Alteration of the cytoskeleton by Rho kinase, leading to cellular contraction, and the cleaving of the cytoskeleton by calpain ultimately results in membrane blebbing and thus formation of microvesicles [START_REF] Chironi | Endothelial Microparticles in Diseases[END_REF]. The exposure of PS on microvesicles can be affected by Scott's syndrome which hampers the activity of scramblases, as described by Piccin, Murphy, and Smith in 2007.

However, despite maintained membrane asymmetry, the process of membrane blebbing can still occur [START_REF] Connor | The Majority of Circulating Platelet-Derived Microparticles Fail to Bind Annexin V, Lack Phospholipid-Dependent Procoagulant Activity and Demonstrate Greater Expression of Glycoprotein Ib[END_REF][START_REF] Hou | Membrane Phospholipid Redistribution in Cancer Micro-Particles and Implications in the Recruitment of Cationic Protein Factors[END_REF] Cytoskeletal constituents can also contribute to microvesicle biogenesis apart from lipids. Oncosome or tumour cell-derived microvesicle biogenesis was found to be induced by the activity of RHO-associated protein kinase (ROCK) and the RHO GTPase family which possess an important role in regulating actin dynamics (B. [START_REF] Li | RhoA Triggers a Specific Signaling Pathway That Generates Transforming Microvesicles in Cancer Cells[END_REF]. In line with this, Vion and colleagues demonstrated that ROCK inhibition significantly decreased endothelial cell-derived microparticle release when subjected to low shear stress [START_REF] Vion | Shear Stress Regulates Endothelial Microparticle Release[END_REF]. ADPribosylation factor 1 (ARF1) and ARF6 were demonstrated to commence the activation of extracellular signal regulated kinases (ERK) and the phosphorylation of myosin light chain kinase (MLCK), leading to the rearrangement of the cytoskeleton and subsequent microvesicle release [START_REF] Surman | Deciphering the Role of Ectosomes in Cancer Development and Progression: Focus on the Proteome[END_REF].

Filamin A, an actin cytoskeletal protein, was demonstrated to pack tissue factor into microvesicles [START_REF] Collier | Filamin-A Is Required for the Incorporation of Tissue Factor into Cell-Derived Microvesicles[END_REF], however evidence is lacking showing the necessity of actin cytoskeleton in microvesicle biogenesis. In view of this, Holliday, Faria, and Rody suggested that actin filaments can be involved by exerting a push force against the plasma membrane that leads to bud formation and that actin-myosin contraction could participate in bud sealing [START_REF] Holliday | Actin and Actin-Associated Proteins in Extracellular Vesicles Shed by Osteoclasts[END_REF].

EXOSOME BIOGENESIS

The biogenesis of exosomes is initialised by the inward budding of the plasma membrane, forming early endosomes. This is then followed by the inward budding of early endosomes to form late endosomes, also termed as multivesicular bodies (MVBs) that contain intraluminal vesicles (ILVs) [START_REF] Klumperman | The Complex Ultrastructure of the Endolysosomal System[END_REF]. From here, mature MVBs undergo fusion either with lysosomes to be degraded or with the plasma membrane to proceed with the formation of exosomes [START_REF] Cocucci | Ectosomes and Exosomes: Shedding the Confusion between Extracellular Vesicles[END_REF].

Insight into the formation of exosomes in MVBs have been unveiled due to the discovery of the endosomal sorting complex required for transport (ESCRT) machinery in 2001 by [START_REF] Katzmann | Ubiquitin-Dependent Sorting into the Multivesicular Body Pathway Requires the Function of a Conserved Endosomal Protein Sorting Complex, ESCRT-I[END_REF] and this formation can be broadly categorised into two pathways: the ESCRT-dependent pathway and the ESCRT-independent pathway. ESCRT-0, ESCRT-I, ESCRT-II and ESCRT-III are the four protein complexes that play a role in the ESCRTdependent pathway as well as accessory proteins such as the vacuolar protein sortingassociated protein (VPS)4 ATPase complex [START_REF] Henne | Molecular Mechanisms of the Membrane Sculpting ESCRT Pathway[END_REF]. First, the ESCRT-0 and ESCRT-I cluster cargo in a ubiquitin-dependent manner on microdomains of MVB membrane. ESCRT-III sub-complexes are then recruited via ESCRT-II for bud formation and fission of the microdomain. Finally, the accessory protein vacuolar protein sorting-associated protein 4 (VPS4) ATPase in particular, aids the dissociation and recycling of the ESCRT machinery [START_REF] Kowal | Biogenesis and Secretion of Exosomes[END_REF]. Due to this, ESCRT inhibition is often used as a tool to manipulate exosome secretion.

However, it is imperative to fully investigate the proteins involved, in particular cytokines, as Interestingly, ALIX depletion in dendritic cells, however, decreased exosome secretion. ALIX was also demonstrated to promote the budding of ILVs in the presence of the syntenin, a cytoplasmic adaptor of heparan sulphate proteoglycan receptors (syndecans) [START_REF] Baietti | Syndecan-Syntenin-ALIX Regulates the Biogenesis of Exosomes[END_REF], therefore establishing the link between syndecans and the ESCRT machinery. In addition to this, Roucourt et al. showed that the sorting of CD63 is promoted by heparinase along with the stimulation of binding of syntenin, showing the relation between the molecules. The syndecan-syntenin-ALIX mechanism was shown to modulate approximately 50% of secreted EVs in MCF-7 cells [START_REF] Friand | Syntenin and Syndecan in the Biogenesis of Exosomes[END_REF] pointing to the possibility of alternate pathway in exosome biogenesis.

In 2009, the formation of CD63 loaded ILVs were shown to proceed despite depletion of the four ESCRT complexes, opening the door to the discovery of the ESCRT-independent pathway of exosome biogenesis [START_REF] Stuffers | Multivesicular Endosome Biogenesis in the Absence of ESCRTs[END_REF]). This could be attributed to the involvement in tetraspanins, such as CD9 and CD82 that were demonstrated to augment the exosomal release of β-catenin from HEK293 cells while CD9 KO bone marrow dendritic cells decreased exosome-associated flotillin-1 [START_REF] Chairoungdua | Exosome Release of β-Catenin: A Novel Mechanism That Antagonizes Wnt Signaling[END_REF]. The tetraspanin CD63

stimulates the sorting of a melanosomal protein into ILVs (van [START_REF] Niel | The Tetraspanin CD63 Regulates ESCRT-Independent and -Dependent Endosomal Sorting during Melanogenesis[END_REF]). Another tetraspanin CD81, was not only shown to permit sorting of cargoes to exosomes [START_REF] Perez-Hernandez | The Intracellular Interactome of Tetraspanin-Enriched Microdomains Reveals Their Function as Sorting Machineries toward Exosomes[END_REF]), but also to possess a cone-like structure that can host cholesterol to be shared by other tetraspanins. Cumulation of these tetraspanins could then result in the inward budding of these tetraspanin rich domains [START_REF] Zimmerman | Crystal Structure of a Full-Length Human Tetraspanin Reveals a Cholesterol-Binding Pocket[END_REF]). Interestingly, genetically induced cholesterol accumulation in late endosomes stimulated the increase in vesicle secretion, harbouring ALIX and CD63 in the presence of flotillin-2 [START_REF] Strauss | Exosome Secretion Ameliorates Lysosomal Storage of Cholesterol in Niemann-Pick Type C Disease[END_REF].

The requirement of the generation of ceramide by neutral type II sphingomyelinase (nSMase 2) by hydrolysing sphingomyelin was demonstrated in the ESCRT-independent pathway [START_REF] Trajkovic | Ceramide Triggers Budding of Exosome Vesicles into Multivesicular Endosomes[END_REF]. The role of ceramide is to then stimulate spontaneous negative curvature on plasma membranes leading to the formation of membrane subdomains [START_REF] Goñi | Effects of Ceramide and Other Simple Sphingolipids on Membrane Lateral Structure[END_REF]. Apart from this, ceramide can also be converted to sphingosine 1phosphate, activating its G-protein-coupled receptor, playing a role in exosomal cargo sorting [START_REF] Kajimoto | Ongoing Activation of Sphingosine 1-Phosphate Receptors Mediates Maturation of Exosomal Multivesicular Endosomes[END_REF]).

Géminard et al. showed that the chaperone protein heat shock cognate 71 kDa protein (HSC70) participates in recruiting the transferrin receptor (TFR) to exosomes in reticulocytes, with characteristics expected of a chaperone-peptide interaction. The role of HSC70 in exosome biogenesis was also evidenced when shown to bind to KFERQ-motif containing cytosolic proteins, inducing selective transfer to ILVs [START_REF] Sahu | Microautophagy of Cytosolic Proteins by Late Endosomes[END_REF]. Lastly, another protein that was suggested to contribute to exosome biogenesis is the small integral membrane protein of the late endosome (SIMPLE) which is also known as the lipopolysaccharide induced TNF factor (LITAF). The transfection of monkey kidney tissue fibroblast-like cells, COS, with LITAF lead to the increase in exosome secretion and conversely, the mutation of LITAF led to improper MVB formation [START_REF] Zhu | Mutation of SIMPLE in Charcot-Marie-Tooth 1C Alters Production of Exosomes[END_REF]).

EXTRACELLULAR VESICLE SECRETION

MICROVESICLE SECRETION

The interaction of actin and myosin alongside a subsequent ATP-dependent contraction is needed for the fission of the plasma membrane leading to the release of microvesicles (D'Souza-Schorey and Clancy 2012). As mentioned earlier, one of the ways that this is achieved is by the activation of ERK and phosphorylation of MLCK by ARF1 and ARF6, permitting the budding off of microvesicles. The involvement of TSG101 and VPS4 in the ESCRT machinery has been described earlier for exosome biogenesis. These proteins, surprisingly, also play a role in microvesicle secretion by TSG101 being relocated from endosomes to the plasma membrane due to its specific interaction with arrestin domain containing protein 1 (ARRDC1). In the presence of VPS4, this leads to the formation and release of ARRDC1mediated microvesicles (ARMMs) that do not seemingly harbour late endosomal markers [START_REF] Nabhan | Formation and Release of Arrestin Domain-Containing Protein 1-Mediated Microvesicles (ARMMs) at Plasma Membrane by Recruitment of TSG101 Protein[END_REF]. Phosphatidylethanolamine (PE), normally in abundance in the inner leaflet of the membrane bilayer has been found translocated on the cytosolic side in ESCRTdependent microvesicles of C. elegans embryos resulting from the depletion of the flippase P4-ATPase, favouring budding via membrane blebbing [START_REF] Wehman | The P4-ATPase TAT-5 Inhibits the Budding of Extracellular Vesicles in C. Elegans Embryos[END_REF].

Another contributing factor to microvesicle secretion is the rearranging of the plasma membrane that depends on ATP-mediated activation of P2X7 receptors [START_REF] Thomas | Activation of Macrophages by P2X7-Induced Microvesicles from Myeloid Cells Is Mediated by Phospholipids and Is Partially Dependent on TLR4[END_REF]. Apart from stimulation by Ca 2+ concentration leading to the loss of asymmetry via the activity of flippase, floppase and scramblase, therefore externalising PS and prompting membrane bending as described above, activation of protein kinase C by phorbol esters was also demonstrated to aid in microvesicle release [START_REF] Cocucci | Ectosomes and Exosomes: Shedding the Confusion between Extracellular Vesicles[END_REF]. [START_REF] Fader | TI-VAMP/VAMP7 and VAMP3/Cellubrevin: Two v-SNARE Proteins Involved in Specific Steps of the Autophagy/Multivesicular Body Pathways[END_REF]. Similarly, another SNARE, synaptosomal-associated protein 23 (SNAP23), was also demonstrated to be involved in both exosome secretion in tumour cells [START_REF] Wei | Pyruvate Kinase Type M2 Promotes Tumour Cell Exosome Release via Phosphorylating Synaptosome-Associated Protein 23[END_REF] as well as lysosome degradation in mast cells [START_REF] Puri | Mast Cells Possess Distinct Secretory Granule Subsets Whose Exocytosis Is Regulated by Different SNARE Isoforms[END_REF]. The fact that the participation of SNARES in exosome secretion has also been reported in multiple species such as syntaxin 1a in mammals [START_REF] Koles | Exosomes Go with the Wnt[END_REF], syntaxin 5 in C. elegans [START_REF] Hyenne | RAL-1 Controls Multivesicular Body Biogenesis and Exosome Secretion[END_REF] and even the R-SNARE protein, synaptobrevin homolog YKT6 in Drosophila [START_REF] Gross | Active Wnt Proteins Are Secreted on Exosomes[END_REF], signifies the role of different SNARES in different organisms.

EXOSOME SECRETION

EXTRACELLULAR VESICLE UPTAKE MECHANISMS

Extracellular vesicles, once secreted into the circulation, were originally thought to be able to survive longer than their parent cells due to their ability to diffuse and their small size therefore increasing the chances of the EVs to elude phagocytosis [START_REF] Freyssinet | Cellular Microparticles: What Are They Bad or Good For?[END_REF]. Of late, there have been studies that show the EVs are cleared from the circulation due to cellular uptake. Routes of uptake include endocytosis (caveolin and clathrin dependency, lipid raft mediation), phagocytosis, micropinocytosis and membrane fusion. In the case of microvesicles, phagocytes and endothelial cells are able to recognise exposed surface PS, which enables binding between the EVs and cells either in a direct manner or via the complement C3b [START_REF] Flaumenhaft | Formation and Fate of Platelet Microparticles[END_REF]. The involvement of PS in clearance was shown by Schroit et al. that described the clearance of RBCs mediated by lactadherin [START_REF] Schroit | In Vivo Recognition and Clearance of Red Blood Cells Containing Phosphatidylserine in Their Plasma Membranes[END_REF] which led to the relevant findings of Dasgupta et al. who demonstrated the clearance of PS-surface harbouring platelet-derived EVs from the circulation (Swapan K. [START_REF] Dasgupta | Lactadherin Binding and Phosphatidylserine Expression on Cell Surface-Comparison with Annexin A5[END_REF]. However, as we know that the populations of EVs can be heterogenous, many EVs do not expose PS on their surface, therefore suggesting that other molecules are involved which enable EVs to target their acceptor cells and subsequently get taken up [START_REF] Arraud | Extracellular Vesicles from Blood Plasma: Determination of Their Morphology, Size, Phenotype and Concentration[END_REF]. In mice lacking developmental endothelial locus-1 (Del-1)

(an endothelium-derived PS-binding opsonin) for example, uptake of platelet-derived microvesicles by endothelial cells in the liver and lung was blunted suggesting that Del-1 mediates PS uptake of microparticles by endocytosis [START_REF] Dasgupta | Developmental Endothelial Locus-1 (Del-1) Mediates Clearance of Platelet Microparticles by the Endothelium[END_REF].

Selecting or targeting acceptor cells would be the primary step of EV uptake. However, literature has shown that this step might not necessarily entail specific targeting and may also be unspecific in nature. In terms of specific targeting, Chivet et al. confirmed that primary neuron-derived EVs were shown to be taken up specifically by other neurons while neuroblastoma-derived EVs are captured by astrocytes [START_REF] Chivet | Exosomes Secreted by Cortical Neurons upon Glutamatergic Synapse Activation Specifically Interact with Neurons[END_REF]. Another example would be a study attesting that oligodendrocyte-derived EVs being selectively internalised by microglia and not neurons [START_REF] Fitzner | Selective Transfer of Exosomes from Oligodendrocytes to Microglia by Macropinocytosis[END_REF]). On the other hand, a wide variety of EVs originating from multiple cell types have been substantiated to be taken up by HeLa cells in a study conducted by [START_REF] Verdera | Cellular Uptake of Extracellular Vesicles Is Mediated by Clathrin-Independent Endocytosis and Macropinocytosis[END_REF]. Further demonstrations of generic targeting can be evidenced also in the context of interspecies EV cargo transfer, for example, between humans and mice (Valadi et al. 2007). Negative-selection mechanism could also play a part in acceptor cell targeting. Integrin associated protein (IAP) or CD47 can be found on the surface of EVs and is known to prevent cells from being phagocytosed. Similar to their cellular counterparts, circulating EVs are then prevented from being cleared by macrophages and monocytes, being able to circulate for an extended period of time. Due to this, a more efficient targeting by circulating EVs to pancreatic cells is achieved [START_REF] Kamerkar | Exosomes Facilitate Therapeutic Targeting of Oncogenic KRAS in Pancreatic Cancer[END_REF].

Entering of EVs into acceptor cells would be the second step of the uptake process.

This could occur either via a more specific receptor-dependent pathway or via a generic process. EV and acceptor cell surface proteins such as mucin domain containing protein 4 (Tim4), integrins, T-cell immunoglobulin and lectins have been hypothesised to play a part in EV uptake [START_REF] Mathieu | Specificities of Secretion and Uptake of Exosomes and Other Extracellular Vesicles for Cell-to-Cell Communication[END_REF]. This does indeed signify specific cell targeting but does not necessarily imply that this is neither obligatory nor sufficient in terms of providing full clarity of internalisation mechanisms. It would therefore be probable that a common surface protein across EV subtypes is responsible for permitting their uptake by acting as a ligand for a corresponding receptor not unlike the internalisation mechanism of LDLs [START_REF] Brown | Familial Hypercholesterolemia: Defective Binding of Lipoproteins to Cultured Fibroblasts Associated with Impaired Regulation of 3-Hydroxy-3-Methylglutaryl Coenzyme A Reductase Activity[END_REF]. [START_REF] Mulcahy | Routes and Mechanisms of Extracellular Vesicle Uptake[END_REF] In the literature, the uptake of EVs is usually demonstrated to occur via endocytosis that includes the participation of clathrin-dependent and clathrin-independent pathways.

Clathrin-dependent pathways are reported to involve the progressive and sequential assembly of EVs coated by clathrin, containing a milieu of transmembrane receptors and their ligands. By deforming the membrane of the acceptor cells, the clathrin-coated EVs are reduced into vesicular buds and are pinched off when mature. Intracellularly, the vesicles undergo clathrin uncoating and fuses with the endosomes [START_REF] Kirchhausen | Clathrin[END_REF]. The prevention of formation of membranal clathrin-coated pits by chlorpromazine has been demonstrated by Escrevente et al., hampered EV uptake by ovarian cancer acceptor cells [START_REF] Escrevente | Interaction and Uptake of Exosomes by Ovarian Cancer Cells[END_REF]. Similarly, the inhibition of dynamin2, a GTPase imperative to clathrin-coated vesicle release led to an inhibition of EV uptake by phagocytes (D. [START_REF] Feng | Cellular Internalization of Exosomes Occurs through Phagocytosis[END_REF]. Therefore, this

shows that EV uptake is in part, indeed dependent on clathrin.

Caveolin-dependent endocytosis is a process that does not depend on clathrin. Similar to clathrin-coated pits, they form small invaginations in the plasma membrane, employing caveolin-1 for their formation. Being rich in cholesterol and sphingolipids [START_REF] Anderson | The Caveolae Membrane System[END_REF],

the caveolins in the caveolae can be oligomerised leading to the formation of membranal caveolin-rich rafts. The attachment of caveolin scaffolding domains together with the augmented cholesterol levels permit the formation and expansion of caveolar endocytic vesicles [START_REF] Nabi | Caveolae/Raft-Dependent Endocytosis[END_REF]. However, the role of caveolin-1 has been shown to both promote and inhibit EV uptake. Nanbo et al. demonstrated that neutralising caveolin-1 in B cells led to a significant decrease in EV uptake [START_REF] Nanbo | Exosomes Derived from Epstein-Barr Virus-Infected Cells Are Internalized via Caveola-Dependent Endocytosis and Promote Phenotypic Modulation in Target Cells[END_REF]). On the contrary, Svensson et al.

revealed that the knocking-out of caveolin-1 in fibroblasts resulted in increased EV uptake [START_REF] Svensson | Exosome Uptake Depends on ERK1/2-Heat Shock Protein 27 Signaling and Lipid Raft-Mediated Endocytosis Negatively Regulated by Caveolin-1[END_REF]. Dependency of EV uptake on the acceptor cells rather than the EVs might be an answer to these conflicting results that nevertheless show that caveolin dependency is in part, involved in EV internalisation.

EXTRACELLULAR VESICLE ISOLATION METHODS

Classically, the methods utilised for the isolation of EVs exploit their physical properties such as density and size and these methods include differential centrifugation/ultracentrifugation, gel filtration as well as microfiltration. EV solubility and aggregation properties enable the employment of precipitation methods by using protamine, sodium acetate and polyethylene glycol. In addition to this, molecules that are exposed on the surface of EVs can also be used for isolation with methods that take advantage of their specific interaction with these molecules. The advantages and disadvantages of the select various methods of EV isolation can be found in Table 2. Ultracentrifugation typically involves differential centrifugation sub steps. Raposo et al. utilised a protocol of differential centrifugation for their study of human B cell line-derived exosomes in 1996, and this has served as backbone for studies that followed [START_REF] Raposo | B Lymphocytes Secrete Antigen-Presenting Vesicles[END_REF]. The protocol involves a first centrifugation step to remove intact cells (300 x g, 10 min), one to remove dead cells (2,000 x g, 10 min) and a third one (10,000 xg, 30 min) is performed to remove apoptotic bodies and other structures that are denser than exosomes. A final ultracentrifugation (100,000 x g, 70 min) results in pelleted exosomes. All centrifugation steps were performed at 4°C. As the discovery of more EV subpopulations emerged since the initial protocol by Raposo's group, modifications were implemented to enable isolation of the other subpopulations such as microvesicles (10,000 -20,000 x g) [START_REF] Witwer | Standardization of Sample Collection, Isolation and Analysis Methods in Extracellular Vesicle Research[END_REF]. Some groups also perform validation of purity of EV subpopulation, for example by estimating levels of apoptotic bodies with Annexin V and propidium iodide double labelling by flow cytometry in the 20,000 x g pellet, where Vion et al. observed negligible levels of apoptotic bodies in their microvesicle population. Collective studies have shown that isolated EVs using differential centrifugation harboured the following markers: tetraspanins CD9, CD63, CD81, cytosolic ALIX, TSG101, Flotillin-1, AQP2 and FLT1 [START_REF] Konoshenko | Isolation of Extracellular Vesicles: General Methodologies and Latest Trends[END_REF]. The need for expensive equipment and the long duration limit the efficacy of ultracentrifugation in terms of clinical diagnosis. However, the need for only a few reagents and the possibility to process large volumes of biological fluids render differential centrifugation to be the gold standard and is the most utilised method for EV isolation.

Co-precipitation of apoptotic bodies or protein aggregates may interfere with the purity of samples when utilising differential centrifugation. The utilisation of sucrose gradient was therefore used by Cantin's group in 2008 to specifically tackle these issues, where vesicles were separated based on their buoyant density [START_REF] Cantin | Discrimination between Exosomes and HIV-1: Purification of Both Vesicles from Cell-Free Supernatants[END_REF]. This process can occur either as a continuous density gradient or stepwise density gradient with a sucrose or an iodixanol cushion during differential/ultracentrifugation. Although this method results in EVs of higher yield and purity, the long duration (up to two days) and the need for expensive equipment pose a disadvantage to density gradient differential centrifugation.

The filtration method can also be used to isolate EVs and this includes ultrafiltration, hydrostatic dialysis and gel filtration. Ultrafiltration can either be used as a complimentary inserted step in ultracentrifugation or gel filtration chromatography [START_REF] Nordin | Ultrafiltration with Size-Exclusion Liquid Chromatography for High Yield Isolation of Extracellular Vesicles Preserving Intact Biophysical and Functional Properties[END_REF]. By using filters with 0.1, 0.22, 0.45 or 0.8 µm pore diameters, vesicles bigger than the corresponding diameter sizes are then retained. Smaller vesicles can be subsequently retained by using pores with smaller diameters from the initial filtration step. Hydrophilised membranes that have low affinity for proteins are used to prevent EV loss. Hydrostatic filtration dialysis was proposed by Musante et al., removing the ultracentrifugation step [START_REF] Musante | Use and Isolation of Urinary Exosomes as Biomarkers for Diabetic Nephropathy[END_REF]. Using urine as biofluid, a separating funnel is utilised that is attached to a dialysis membrane that is porous for EVs with diameter smaller than 1000 kDa. The flow-through then undergoes an additional centrifugation step to pellet EVs. Size Exclusion Chromatography (SEC) or gel filtration is a method where a porous stationary phase is used to separate macromolecules and EVs according to size. Smaller molecules such as lipoproteins, possessing a small hydrodynamic size are able to pass through the pores, leading to late elution while larger EVs are prevented from entering said pores. This is effective in particular for biofluids that contain a relatively high amount of lipoprotein contaminants such as plasma or serum.

Apart from the isolation methods stated above, other methods are also available such as:

• Methods taking advantage of the change in EV solubility and aggregation such as EV precipitation methods with protamine, sodium acetate, hydrophilic polymers as well as precipitation of proteins with an organic solvent (PROSPR), retaining hydrophobic EVs in the supernatant [START_REF] Gallart-Palau | Extracellular Vesicles Are Rapidly Purified from Human Plasma by PRotein Organic Solvent PRecipitation (PROSPR)[END_REF].

• Methods exploiting affinity reactions utilising antibody to EV receptors, heparinmodified sorbents, binding of heat shock proteins and lectins [START_REF] Balaj | Heparin Affinity Purification of Extracellular Vesicles[END_REF].

• Methods using microfluidic devices such as asymmetric-flow field-flow fractionation (AF4) technology. This method utilises 2 perpendicular flows with a partly-permissive membrane on the bottom wall to separate components based on the ability of the vesicles to diffuse (H. Zhang and Lyden 2019).

EXTRACELLULAR VESICLE CARGO

EXTRACELLULAR VESICLE PROTEIN CARGO

Apart from playing a role in exosome biogenesis as described earlier, the ESCRT machinery was also identified to sort ubiquinated proteins into EVs [START_REF] Katzmann | Ubiquitin-Dependent Sorting into the Multivesicular Body Pathway Requires the Function of a Conserved Endosomal Protein Sorting Complex, ESCRT-I[END_REF]. Early acting complexes such as ESCRT-0/-I/-II are the ones that are mainly involved in ubiquinated cargo sorting where both ESCRT-I and -II contain ubiquitin-binding domains for protein recruitment [START_REF] Boura | Endosomal Sorting Complex Required for Transport (ESCRT) Complexes Induce Phase-Separated Microdomains in Supported Lipid Bilayers[END_REF]. Additional interacting proteins also do participate in EV protein cargo loading in this ESCRT-mediated process. An endosomal adaptor protein, neural precursor cell expressed developmentally down-regulated protein 4 (Nedd4) familyinteracting protein 1 (Ndfip1) has been identified in EVs. Apart from the loading Nedd4 family proteins into EVs, WW-tag labelled ubiquitinated proteins can also be recruited by Ndfip1 [START_REF] Putz | Nedd4 Family-Interacting Protein 1 (Ndfip1) Is Required for the Exosomal Secretion of Nedd4 Family Proteins[END_REF], [START_REF] Sterzenbach | Engineered Exosomes as Vehicles for Biologically Active Proteins[END_REF]. CHMP4 recruited ALIX is also another important accessory protein that when bound, results in stabilisation of the complex. It can also behave like an adaptor protein, recruiting cargo into developing EVs independent of ubiquitin [START_REF] Dores | ALIX Regulates the Ubiquitin-Independent Lysosomal Sorting of the P2Y1 Purinergic Receptor via a YPX3L Motif[END_REF]). The interaction with ALIX and the cytoplasmic adaptor protein syntenin has been suggested to initiate an additional recruitment pathway where the Alix-syntenin-syndecan complex is able to sort specific cargo into EVs [START_REF] Friand | Syntenin and Syndecan in the Biogenesis of Exosomes[END_REF].

Interestingly, heparan sulphate which is a syndecan domain is also suggested to participate in the formation and sorting process via the cleaving and activation by heparinase [START_REF] Roucourt | Heparanase Activates the Syndecan-Syntenin-ALIX Exosome Pathway[END_REF].

Another suggested mechanism affecting protein recruitment is PTM by ubiquitin-like proteins (UBLs). IFNs can induce UBL protein, interferon-stimulated gene 15 (ISG15) and its ISGylation results in not only the accumulation but also the degradation of TGS101.

Consequently, this adversely affects exosome secretion and potentially changes EV protein cargo. Furthermore, UBL-3 was also shown to participate in protein sorting in sEVs [START_REF] Ageta | UBL3 Modification Influences Protein Sorting to Small Extracellular Vesicles[END_REF].

In membrane blebbing-derived microvesicles, protein cargo loading is not well understood. The assumption that protein sorting is a passive process has been held for a long time. However, ESCRT machinery components have also been demonstrated to participate in protein sorting of microvesicles even though they are not intended to be degraded by lysosomes and are released directly instead. Here, TSG101 and VPS4 have been reported for their protein recruiting role [START_REF] Nabhan | Formation and Release of Arrestin Domain-Containing Protein 1-Mediated Microvesicles (ARMMs) at Plasma Membrane by Recruitment of TSG101 Protein[END_REF].

EXTRACELLULAR VESICLE LIPID CARGO

Originating from the plasma or endosomal membrane, EVs possess a lipid bilayer where there is an enrichment of specific lipids that might be involved in the sorting and formation process. It is important to note that microvesicular membranes do not show many changes in terms of lipid composition compared to their parent cell membrane [START_REF] Villarroya-Beltri | Sorting It out: Regulation of Exosome Loading[END_REF]). On the contrary, exosomal membranes were shown to be rich in glycerophospholipids, cholesterol, sphingolipids and ceramide [START_REF] Trajkovic | Ceramide Triggers Budding of Exosome Vesicles into Multivesicular Endosomes[END_REF].

Cholesterol-poor MVBs tend to be led to lysosomal degradation while cholesterol-rich ones are directed for secretion indicating cholesterol content may determine arising EV fate (Graça Raposo and Stoorvogel 2013).

The group of Harada et al. reported the findings of 3 different membrane types including low density detergent-soluble membranes, low density detergent-insoluble membranes and flotillin-1 enriched high-density detergent-insoluble membranes. The authors also reported that membrane type switching can be triggered by the proteolysis of hepatocyte growth factor receptor Met and A disintegrin and metalloproteinase domain-containing protein 10 (Adam 10) and therefore causes changes in the EV sorting process [START_REF] Harada | Generation of the Heterogeneity of Extracellular Vesicles by Membrane Organization and Sorting Machineries[END_REF].

EXTRACELLULAR VESICLE MITOCHONDRIAL DNA CARGO

Recent work has highlighted that mitochondrial DNA (mtDNA) is transferred by EVs.

This was shown in circulating EVs derived from breast cancer patients carrying the whole mitochondrial genome. Mechanistically, cancer cells utilise this mtDNA transfer as a means to increase the metabolic activity of target cells and this mechanism was first unveiled in the context of hormonal therapy. Normally, blocking of their oxidative phosphorylation results in breast cancer cells to enter a dormant stage. However, it was found that mtDNA transfer of hormonal therapy-resistant cells inhibits this process. Target cells then subsequently regain their metabolism and enter metastatic progression [START_REF] Sansone | Packaging and Transfer of Mitochondrial DNA via Exosomes Regulate Escape from Dormancy in Hormonal Therapy-Resistant Breast Cancer[END_REF]). In addition, the group of Binder demonstrated that mitochondria enriched microvesicles originating from LPSactivated monocytes induced TNF and IFN-1 signalling pathways in endothelial cells, triggering inflammation. This capacity of inflammatory response stimulation is interestingly not predetermined by mitochondrial presence but by the mitochondrial activity of origin cells [START_REF] Puhm | Mitochondria Are a Subset of Extracellular Vesicles Released by Activated Monocytes and Induce Type I IFN and TNF Responses in Endothelial Cells[END_REF].

Mitochondria can also become depolarised and are transferred to the plasma membrane as seen in mesenchymal stem cells to avoid oxidative stress. At the plasma membrane, they can be released in EVs that contain TSG101 and ARRDC1. These shed mitochondria can be phagocytosed by macrophages resulting in an increase in metabolism [START_REF] Phinney | Mesenchymal Stem Cells Use Extracellular Vesicles to Outsource Mitophagy and Shuttle MicroRNAs[END_REF]. Injured hepatocytes release mtDNA containing microvesicles into the circulation and activate the TLR-9 pathway subsequently contributing to non-alcoholic steatohepatitis [START_REF] Garcia-Martinez | Hepatocyte Mitochondrial DNA Drives Nonalcoholic Steatohepatitis by Activation of TLR9[END_REF]). Together, these observations suggest that the activation of cells might be a trigger for the release of EV mtDNA cargo in the extracellular medium [START_REF] Coly | Extracellular Mitochondria and Vesicles: New Mediators of Endothelial Inflammation[END_REF].

Notably, a group has recently observed that cardiomyocytes secrete defective mitochondria packaged in membranous vesicles termed "exophers". These vesicles are destined for elimination as illustrated by the clearance of these exophers by cardiac resident macrophages that can be hampered by depleting the phagocytic receptor Mertk (Nicolás-Ávila et al. 2020).

EXTRACELLULAR VESICLE RNA CARGO

Characterising the cargo of EVs has been studied extensively to either deepen the understanding of their functional effects or to use them as potential disease biomarkers. Théry et al. in 1999 performed a proteomic analysis of DC-derived exosomes, discovering cytosolic proteins such as heat shock proteins and annexin II as well as membrane proteins such as tetraspanins, integrins and MHC class II complexes. In 2007, RNA cargo was identified along with evidence of functional RNA transfer to recipient cells (Valadi et al. 2007) which then commenced the numerous studies of RNA EV cargo. DNA as well as non-coding RNA have also been discovered in EVs [START_REF] Zaborowski | Extracellular Vesicles: Composition, Biological Relevance, and Methods of Study[END_REF].

Extracellular RNA can exist in different forms -they can be freely circulating, bound in protein complexes or encapsulated in EVs. In 2006, Ratajczak et al. was the first group that observed the presence of functional RNA in murine stem cell-derived EVs. EV RNA has been found to be approximately less than 700 nucleotides (nt) (T. S. [START_REF] Chen | Mesenchymal Stem Cell Secretes Microparticles Enriched in Pre-MicroRNAs[END_REF]) and they consist of mRNA [START_REF] Baj-Krzyworzeka | Tumour-Derived Microvesicles Carry Several Surface Determinants and MRNA of Tumour Cells and Transfer Some of These Determinants to Monocytes[END_REF]) and non-coding RNA such as miRNA [START_REF] Hunter | Detection of MicroRNA Expression in Human Peripheral Blood Microvesicles[END_REF], piwi-interacting RNA [START_REF] Huang | Characterization of Human Plasma-Derived Exosomal RNAs by Deep Sequencing[END_REF]) and even long non-coding RNA [START_REF] Kenneweg | Long Noncoding RNA-Enriched Vesicles Secreted by Hypoxic Cardiomyocytes Drive Cardiac Fibrosis[END_REF]. Till date, the precise mechanism of RNA and miRNA sorting into EVs has yet to be unveiled. Despite this, a few methods have been proposed. As described earlier, nSMase2 is responsible in generating ceramide. Inhibition of ceramide production by a nSMase2 inhibitor led to a decrease in miRNA-containing EVs [START_REF] Mittelbrunn | Unidirectional Transfer of MicroRNA-Loaded Exosomes from T Cells to Antigen-Presenting Cells[END_REF]. A difference in RNA content of EVs was found by Cha et al. between mutant KRAS colorectal cancer cells and wild type cells. In addition to this, the inhibition of nSMase2 was demonstrated to result in the cellular accumulation of certain miRNAs such as miR-100 only in mutant KRAS colorectal cancer cells when compared to wild type cells, suggesting the role of KRAS in miRNA sorting into EVs [START_REF] Cha | KRAS-Dependent Sorting of MiRNA to Exosomes[END_REF].

The sorting of RNA cargo in to EVs does indeed serve a purpose. Apart from their mere presences in EVs, Valadi et al. in 2007 showed that miRNA cargo participates in intracellular communication, shedding light onto their functional properties. This therefore, debunks the notion that miRNAs are not randomly but selectively sorted into EVs which give rise to specific physiological conditions.

Blood RNAse activity does not degrade miRNAs that are circulating in the blood due to them being protectively encapsulated by EVs. The need for rapid regulation of gene expression could be one of the reasons why selective sorting and secretion of miRNAs in EVs exist, for example to enhance cancer progression [START_REF] Zomer | In Vivo Imaging Reveals Extracellular Vesicle-Mediated Phenocopying of Metastatic Behavior[END_REF] or to activate lymphocytes in the context of vaccination (de [START_REF] Candia | Intracellular Modulation, Extracellular Disposal and Serum Increase of MiR-150 Mark Lymphocyte Activation[END_REF]. Accumulating evidence has shown that EV miRNAs are secreted by a broad range of cells such as cardiomyocytes (de Gonzalo-Calvo et al. 2017), fibroblasts (Bang et al. 2014) and endothelial cells [START_REF] Halkein | MicroRNA-146a Is a Therapeutic Target and Biomarker for Peripartum Cardiomyopathy[END_REF], playing an important role in providing cell to cell communication either locally or at distance and physiologically as well [START_REF] Chen | Secreted MicroRNAs: A New Form of Intercellular Communication[END_REF].

EV miRNAs can be transported from one type of cells to another, for example, the transfer of EV miR-124a from neurons to astrocytes, playing a role in intracellular communication in the central nervous system (CNS) and increasing protein expression levels of GLUT1 in murine astrocytes [START_REF] Morel | Cellular Mechanisms Underlying the Formation of Circulating Microparticles[END_REF]. EV mediated miRNA transfer can be observed in a broad range of other instances as well such as the differentiation of human bone marrow-derived mesenchymal stem cells to osteoblasts [START_REF] Xu | Altered MicroRNA Expression Profile in Exosomes during Osteogenic Differentiation of Human Bone Marrow-Derived Mesenchymal Stem Cells[END_REF], the regulation of follicular maturation [START_REF] Santonocito | Molecular Characterization of Exosomes and Their MicroRNA Cargo in Human Follicular Fluid: Bioinformatic Analysis Reveals That Exosomal MicroRNAs Control Pathways Involved in Follicular Maturation[END_REF]. miR-126 in stem cell-derived EVs was found to be implicated in the modulation of progenitor cell shuttling between peripheral sites and the bone marrow, indicating that EVs mediate miRNA transfer between distant cells [START_REF] Salvucci | MicroRNA126 Contributes to Granulocyte Colony-Stimulating Factor-Induced Hematopoietic Progenitor Cell Mobilization by Reducing the Expression of Vascular Cell Adhesion Molecule 1[END_REF].

In terms of immunity, EV miRNAs have been demonstrated to provide relevance [START_REF] Fernández-Messina | Immunomodulatory Role of MicroRNAs Transferred by Extracellular Vesicles[END_REF]. Ismail et al. observed that macrophage derived EVs transfer miR-223 to stimulate differentiation from naïve monocytes, suggesting an EV mediated immune function enhancement via an amplification loop [START_REF] Ismail | Macrophage Microvesicles Induce Macrophage Differentiation and MiR-223 Transfer[END_REF]. EVs were found to mediate the transfer of miR-335 to antigen presenting cells (APCs) from T lymphocytes during the formation of immune synapses, modulating gene expression [START_REF] Mittelbrunn | Unidirectional Transfer of MicroRNA-Loaded Exosomes from T Cells to Antigen-Presenting Cells[END_REF]. In humans, this role in immunity has even been suggested to take place at very early stages of life. miR-17 and miR-181a, immune-related miRNAs, have been found on EVs harbouring CD63 in human milk during lactation, signifying immune-regulatory purposes of these EV miRNAs in the infant's development [START_REF] Kosaka | MicroRNA as a New Immune-Regulatory Agent in Breast Milk[END_REF]. In addition to this, crosstalk between mother and the foeto-placental unit via C19MC miRNAs (predominantly expressed in the placenta) in EVs during pregnancy have also been described by [START_REF] Ouyang | Review: Placenta-Specific MicroRNAs in Exosomes -Good Things Come in Nano-Packages[END_REF].

As described earlier, DAMPs and pathogen associated molecular patterns (PAMPs)

trigger the activity of the immune system leading to inflammation, thus establishing a link between immunity and inflammation. EV miR-451a is known to affect inflammatory responses, suppressing pro-inflammatory cytokine expression of dendritic cells and macrophages in response to influenza [START_REF] Okamoto | MicroRNA-451a in Extracellular, Blood-Resident Vesicles Attenuates Macrophage and Dendritic Cell Responses to Influenza Whole-Virus Vaccine[END_REF]. A year later, in addition to miR-451a, Miyashita et al. in 2019 also determined additional immune-regulatory miRNAs in serum-derived EVs such as miR-22, miR-29a and miR107 that were all increased with patients possessing a higher number of local symptoms at site of vaccine injections, suggesting a possibility of these miRNAs in EVs as biomarkers to evaluate local symptoms post-influenza vaccination. miR-939 is another example of EV miRNAs that play a role in inflammation.

Chronic inflammation is a characteristic of complex regional pain syndrome (CRPS). Despite its downregulation in blood, miR-939 has been shown to be upregulated in serum-derived EVs of CRPS patients. The uptake of miR-939 enriched EVs by THP-1, a human monocytic cell line, leading to a downregulation of pro-inflammatory genes hence supporting the role of miR-939 as a protective one against inflammation [START_REF] Ramanathan | Inflammation Potentiates MiR-939 Expression and Packaging into Small Extracellular Vesicles[END_REF].

Inflammation, immunity and the intercellular crosstalk between them are key components in CVD. Over the last years, the study of EV mediated transfer of miRNAs has increased due to their recognition as being players in CVD, thus creating a subset in the everexpanding understanding of the role of miRNAs in cardiovascular disease pathogenesis and physiology [START_REF] Colpaert | MicroRNAs in Cardiac Diseases[END_REF]. This involves the participation of a plethora of cells and their corresponding EVs in the cardiovascular system such as endothelial cells, inflammatory cells, fibroblasts and cardiomyocytes. Given their extensive role in intercellular cross-talk and their encapsulated cargo, it is certainly evident that EVs are indeed imperative in their roles as messengers.

EXTRACELLULAR VESICLES IN COMMUNICATION

The concept that EVs play a part in cell signalling was first conjured in 1996 where Raposo et al. observed that immune cells are able to present antigen via EVs that contain endosome-associated MHC class II complexes [START_REF] Raposo | B Lymphocytes Secrete Antigen-Presenting Vesicles[END_REF]. Several years later, this concept was further elaborated on when pioneering reports on EV-mediated genetic information transfer were established. Vascular endothelial growth factor (VEGF) and IL-8 containing tumour-derived microvesicles were demonstrated to be engulfed by monocytes and activating Akt, eliciting an anti-apoptotic effect on these monocytes [START_REF] Baj-Krzyworzeka | Tumour-Derived Microvesicles Carry Several Surface Determinants and MRNA of Tumour Cells and Transfer Some of These Determinants to Monocytes[END_REF]). As mentioned earlier, the ligands and receptors located on EVs provide a vectorial cargo transfer to target cells that express the corresponding ligands or receptors, rendering interaction specificity (van [START_REF] Niel | The Tetraspanin CD63 Regulates ESCRT-Independent and -Dependent Endosomal Sorting during Melanogenesis[END_REF].

The processes of which EVs and their cargo are transferred to intended target cells are many, including anchoring at plasma membrane, phagocytosis, lipid raft-mediated endocytosis, clathrin-mediated endocytosis, phagocytosis or caveolin-mediated endocytosis [START_REF] Mulcahy | Routes and Mechanisms of Extracellular Vesicle Uptake[END_REF]. Once endocytosed, EVs could either undergo fusion with the membrane of an endocytic compartment, releasing content into the cytosol of the recipient cell or undergo lysosomal degradation [START_REF] Raposo | Extracellular Vesicles: Exosomes, Microvesicles, and Friends[END_REF]. Proteins, lipids and nucleic acids are bioactive cargo of EVs and can cause an effect on the phenotypes and functions of recipient cells, changing gene expression through post-translational modifications of target mRNAs and/or de-novo translation and triggering various signalling pathways [START_REF] Maas | Extracellular Vesicles: Unique Intercellular Delivery Vehicles[END_REF]. Therefore, EVs understandably pose a certain attraction by investigators to explore their role in different physiological and pathological processes, such as cytokine production, tumour growth modulation or cardiovascular diseases [START_REF] Lawson | Microvesicles and Exosomes: New Players in Metabolic and Cardiovascular Disease[END_REF].

CHAPTER 3: EXTRACELLULAR VESICLES IN MYOCARDIAL INFARCTION AND TYPE II DIABETES 13. ROLE OF EXTRACELLULAR VESICLES IN IMMUNOLOGICAL RESPONSE

The innate and adaptive immune system are involved in the immune response to regulate systemic homeostasis, defence, and surveillance, therefore holding an imperative role in maintaining the equilibrium between disease and health. Molecules of major histocompatibility complex (MHC) class II complex specifically interact with B cells, macrophages and dendritic cells. They activate helper T cells by presenting internalised exogenous peptides. As mentioned earlier, the pioneering study by Raposo and colleagues has paved way for following studies involving EVs and the immune response. The group demonstrated the restriction of T cell responses stemming from B cell-derived exosomes binding to MHC class II therefore sprouting the suggested role of exosomes in antigen presentation in vivo [START_REF] Raposo | B Lymphocytes Secrete Antigen-Presenting Vesicles[END_REF].

Additionally, B lymphocytes have been shown to secrete functional EVs with augmented amounts of MHC class II molecules that were coupled with peptides, stimulating helper T cells [START_REF] Muntasell | T Cell-Induced Secretion of MHC Class II-Peptide Complexes on B Cell Exosomes[END_REF]. The generation of EVs by B cells have been demonstrated to be highly induced by T cells via the activation of CD40 and IL-4 receptors [START_REF] Saunderson | Induction of Exosome Release in Primary B Cells Stimulated via CD40 and the IL-4 Receptor[END_REF]. MHC class II-peptide complexes that are found in dendritic cellderived EVs are shown to contribute to and amplify the adaptive immune response [START_REF] Segura | ICAM-1 on Exosomes from Mature Dendritic Cells Is Critical for Efficient Naive T-Cell Priming[END_REF]. MHC class I molecules are expressed by all nucleated cells and by extension, their EVs, contain MHC class I-endogenous/exogenous antigen complexes that are capable of cytotoxic T cell activation [START_REF] Théry | Exosomes: Composition, Biogenesis and Function[END_REF]. Admyre et al. were the ones who first evidenced that dendritic cell-derived exosomes have the potential to stimulate antigen-specific immune response from peripheral blood-derived cytotoxic T cell [START_REF] Admyre | Direct Exosome Stimulation of Peripheral HumanT Cells Detected by ELISPOT[END_REF]).

ROLE OF EXTRACELLULAR VESICLES IN MYOCARDIAL INFARCTION AND TYPE II DIABETES

As we know, EVs harbour proteins, nucleic acids and cytoplasm from their parent cells based on stimuli provided [START_REF] Mathieu | Specificities of Secretion and Uptake of Exosomes and Other Extracellular Vesicles for Cell-to-Cell Communication[END_REF]. This is of physiological importance as the harbouring of parental markers permit the identification of specific subpopulation of EVs, for example, whether they are of cardiomyocyte or endothelial cell origin, that can modulate communication between tissues and cells [START_REF] Raposo | Extracellular Vesicles: A New Communication Paradigm?[END_REF]. Literature evidence has shown that different EV subtypes are increased in patients with prediabetes [START_REF] Giannella | Circulating Levels and Characterization of Microparticles in Patients with Different Degrees of Glucose Tolerance[END_REF]), T2D [START_REF] Nomura | Dynamic Role of Microparticles in Type 2 Diabetes Mellitus[END_REF] and CVD [START_REF] Amabile | Microparticles: Key Protagonists in Cardiovascular Disorders[END_REF]. Augmented platelet-derived EVs were even found in comorbidity-independent obesity with respect to decreased fibrinolytic ability [START_REF] Murakami | Impact of Weight Reduction on Production of Platelet-Derived Microparticles and Fibrinolytic Parameters in Obesity[END_REF]. Sabatier and colleagues found that levels of circulating microparticles were significantly higher in T1D and T2D patients as compared to controls.

However, only T1D and not T2D patient-derived microparticles were found to be involved in procoagulant activity [START_REF] Sabatier | Type 1 and Type 2 Diabetic Patients Display Different Patterns of Cellular Microparticles[END_REF]. Consequentially, these demonstrations reinforce the notion that EVs do not only serve as biomarkers but also play a key physiological role.

Elevated endothelial cell-derived EVs are reported to be associated with decreased endothelium-dependent vasorelaxation [START_REF] Chantal | Circulating Microparticles From Patients With Myocardial Infarction Cause Endothelial Dysfunction[END_REF]) [START_REF] Amabile | Circulating Endothelial Microparticles Are Associated with Vascular Dysfunction in Patients with End-Stage Renal Failure[END_REF]) [START_REF] Werner | Circulating CD31+/Annexin V+ Apoptotic Microparticles Correlate with Coronary Endothelial Function in Patients with Coronary Artery Disease[END_REF]. This is in agreement with authors who observed increased levels of endothelial cell-derived EVs that are associated with increased carotid intima-media thickness and pulse wave velocity [START_REF] Amabile | Circulating Endothelial Microparticles Are Associated with Vascular Dysfunction in Patients with End-Stage Renal Failure[END_REF]) [START_REF] Esposito | Endothelial Microparticles Correlate with Endothelial Dysfunction in Obese Women[END_REF]). These observations suggest that circulating EVs play an imperative role physiologically in vascular physiology where boosted levels of EVs are associated with arterial stiffness and reduced blood flow. Although more in vivo work is warranted, there are several findings that might clarify how EVs modulate blood flow dysregulation. In addition to that, in the context of MI, EVs were suggested to promote inflammation in vivo via the recruitment of inflammatory cells and stimulation of proinflammatory cytokines (Loyer et al. 2018). Shifting focus to in vitro studies, T cell-derived EVs have been shown to promote IL-1b and TNF-α by monocytes [START_REF] Scanu | Stimulated T Cells Generate Microparticles, Which Mimic Cellular Contact Activation of Human Monocytes: Differential Regulation of proand Anti-Inflammatory Cytokine Production by High-Density Lipoproteins[END_REF]) while IL-6

and IL-8 release was induced in endothelial cells by leukocyte-derived EVs [START_REF] Mesri | Endothelial Cell Activation by Leukocyte Microparticles[END_REF]. This is in line with the reports of Mastronardi et al., observing elevated expression of cyclooxygenase (COX)-2, NOS and NFκB in the heart and lung of mice when septic patientsderived circulating EVs were injected into mice, bolstering the role of EVs in inflammation [START_REF] Mastronardi | Circulating Microparticles from Septic Shock Patients Exert Differential Tissue Expression of Enzymes Related to Inflammation and Oxidative Stress*[END_REF].

The interaction and transfer of EV cargo into recipient cells might be related to possible mechanisms by which EVs play a role in T2D and CVD. EV-mediated ROS production and inflammation were blunted by blocking VEGF receptors in endothelial cells [START_REF] Burger | Endothelial Microparticle Formation by Angiotensin II Is Mediated via Ang II Receptor Type I/NADPH Oxidase/ Rho Kinase Pathways Targeted to Lipid Rafts[END_REF]. Additionally, EVs derived from obese patients have also been shown to decrease insulin-stimulated glucose uptake [START_REF] Mleczko | Extracellular Vesicles from Hypoxic Adipocytes and Obese Subjects Reduce Insulin-Stimulated Glucose Uptake[END_REF], and the group of Zhang et al.

demonstrated that macrophage-derived EVs reduced p-Akt in adipocytes, disrupting GLUT-4 translocation and thus promotes insulin resistance [START_REF] Zhang | Inflamed Macrophage Microvesicles Induce Insulin Resistance in Human Adipocytes[END_REF]. Taken together, this

shows that EVs can physically change target cell receptors, modifying signals downstream.

As described earlier, the exact pathophysiology of insulin resistance is unclear, NFκB activation has been implicated therefore indicating the possible role of inflammation (de Luca and Olefsky 2008). Our lab has also previously demonstrated that CD31+ apoptotic plaquederived EVs contribute to the inflammatory response mechanism in atherosclerosis by demonstrating the transfer of ICAM-1 from these EVs to endothelial cells [START_REF] Rautou | Microparticles from Human Atherosclerotic Plaques Promote Endothelial ICAM-1-Dependent Monocyte Adhesion and Transendothelial Migration[END_REF].

Apart from ICAM-1, adipocyte-derived EVs have been reported to modulate insulin signalling in both skeletal muscle [START_REF] Choi | Efficacy and Safety of More Intensive Lowering of LDL Cholesterol: A Meta-Analysis of Data from 170,000 Participants in 26 Randomised Trials[END_REF] as well as the liver [START_REF] Kranendonk | Extracellular Vesicle Markers in Relation to Obesity and Metabolic Complications in Patients with Manifest Cardiovascular Disease[END_REF]) via the transfer of adipokine cargo, inducing insulin resistance. EVs may also promote angiogenesis and ameliorate blood flow due to endothelial NOS (eNOS)-induced nitric oxide cargo [START_REF] Horn | Circulating Microparticles Carry a Functional Endothelial Nitric Oxide Synthase That Is Decreased in Patients with Endothelial Dysfunction[END_REF]). As highlighted above, the role of subpopulation of EVs based on their cell of origin play an essential role physiologically and pathophysiologically. Here, we will discuss in further detail on the roles of the relevant subpopulation of EVs that were shown to be involved in T2D

and CVD, showing particular interest in MI.

CARDIOMYOCYTE-DERIVED EXTRACELLULAR VESICLES

Ischaemia occurs when tissues in the body do not have access to blood supply, and therefore, lack oxygen needed for cellular metabolism to stay alive. Therefore, it is unsurprising that in vitro studies involving mimicking ischaemia commonly utilise hypoxic experiments (D. [START_REF] Wu | Induction and Testing of Hypoxia in Cell Culture[END_REF]. Expectedly, studies thus far have shown that hypoxia does indeed stimulate the secretion of CMEVs in vitro, participating as a stressor and this has been evidenced in a number of studies. In adult rat cardiomyocytes, exposure to hypoxic conditions can induce HSP-60 containing-EV secretion by cultured cardiomyocytes as compared to unstressed cardiomyocytes, demonstrated by Gupta and Knowlton. In 2012, a study revealed that hypoxic treatment of adult rat cardiomyocytes augmented the secretion of EVs measured by acetylcholinesterase activity and characterised by CD63 Western blotting [START_REF] Yu | Mechanism of TNF-α Autocrine Effects in Hypoxic Cardiomyocytes: Initiated by Hypoxia Inducible Factor 1α, Presented by Exosomes[END_REF]. In 2018, Ontoria-Oviedo et al. observed an increase in protein mass of EV extracts of human ventricular cells, AC10, in hypoxic treatment as compared to control, signifying the increase in EV secretion. These EVs were also evidenced to be harbouring EV markers CD9 and TSG101. Additionally, using murine cardiac muscle cell line, HL-1 cells, another group observed an increment in the release of CD81+ EVs in hypoxic conditions as compared to normoxia by nanoparticle tracking analysis (NTA) [START_REF] Kenneweg | Long Noncoding RNA-Enriched Vesicles Secreted by Hypoxic Cardiomyocytes Drive Cardiac Fibrosis[END_REF]. Taken together, this shows that the additional stimulation of EV secretion by cardiomyocytes when faced with oxygen deprivation applies to multiple mammalian species.

Considered as atypical secretory cells, cardiomyocytes are the main cellular component of the heart tissue, which attributes to the interest in investigating them in the context of CVD such as ischaemia. They are unable to complete mitosis post-perinatal period.

Stress conditions can induce cardiomyocyte hypertrophic growth that eventually leads to irreversible cardiac injury. Despite this, cardiomyocytes possess the ability to produce and secrete EVs. Cardiac-specific exosomes were first described by [START_REF] Gupta | HSP60 Trafficking in Adult Cardiac Myocytes: Role of the Exosomal Pathway[END_REF] where increase in the secretion of adult rat cardiomyocyte-derived exosomes was aggravated by hypoxia [START_REF] Gupta | HSP60 Trafficking in Adult Cardiac Myocytes: Role of the Exosomal Pathway[END_REF]. These exosomes contained HSP-60, which was further demonstrated to stimulate inflammation and apoptosis via a TLR-mediated mechanism (J. [START_REF] Tian | Extracellular HSP60 Induces Inflammation through Activating and Up-Regulating TLRs in Cardiomyocytes[END_REF].

The biogenesis and secretion of cardiomyocyte-derived EVs (CMEVs) are influenced by a variety of factors. The heat shock protein Hsp20 family (Hsp20) was previously discovered to modulate both the generation and secretion of EVs from adult mouse cardiomyocytes in the presence of Tsg101 [START_REF] Wang | Hsp20-Mediated Activation of Exosome Biogenesis in Cardiomyocytes Improves Cardiac Function and Angiogenesis in Diabetic Mice[END_REF]. Implementation of glucose starvation, and therefore cellular stress also led to an increased EV secretion in cardiomyoblasts [START_REF] Garcia | Glucose Starvation in Cardiomyocytes Enhances Exosome Secretion and Promotes Angiogenesis in Endothelial Cells[END_REF]. Another cellular stressor, ethanol, has also been demonstrated to stimulate EV production in isolated adult mouse cardiomyocytes [START_REF] Malik | Cardiac Myocyte Exosomes: Stability, HSP60, and Proteomics[END_REF]. Apart from that, PDGF and cytokine, TGF-β2 when used as treatment on cultured cardiomyocytes induced changes in the characteristics of formation and secretion of EVs [START_REF] Gennebäck | Growth Factor Stimulation of Cardiomyocytes Induces Changes in the Transcriptional Contents of Secreted Exosomes[END_REF]. Furthermore, physiological stressors including injury, inflammation, hypoxia have also been described to result in the increment of CMEV production [START_REF] Chistiakov | Cardiac Extracellular Vesicles in Normal and Infarcted Heart[END_REF].

Interestingly to date, data of CMEVs are mostly derived from in vitro studies. This may therefore elucidate the lack of evidence explaining the role of CMEVs in vivo. This link to MI and inflammation in the context of in situ injury has notably been demonstrated by Loyer et al., showing that MI is indeed a trigger for EV release within the infarcted myocardium, where

EVs are mostly of cardiomyocyte origin. These intracardiac EVs were revealed to regulate inflammation post-MI (Loyer et al. 2018).

Following the study by Gupta and Knowlton, a group further demonstrated that HSP-60 was not released by cardiomyocyte-EVs but instead was attached to the EV membrane, circumventing the promotion of apoptosis by free circulating HSP-60 [START_REF] Malik | Cardiac Myocyte Exosomes: Stability, HSP60, and Proteomics[END_REF]. The group also unveiled by proteomics analysis that treatment of cardiomyocytes with As described earlier, miRNA can be transported in an extracellular manner as cargo, encapsulated by EVs. Of late, there are several studies that elucidate the role of EV miRNAs in the context of myocardial ischaemia. In one of the studies, rat cardiac progenitor cells (CPC)

underwent hypoxic treatment and were shown to produce pro-generative EVs that promote tube formation of endothelial cells, supported by the decline of pro-fibrotic gene expression in fibroblasts that were stimulated by TGF-β. When comparing to normoxic controls, 11 miRNAs were identified by microarray analysis to be upregulated in CPC-derived hypoxic EVs.

Among these miRNAs, miR-15b and miR-103 were found to be increased in endothelial cells and fibroblasts when co-cultured with CPC-derived hypoxic EVs. These EVs were also able to abate cardiac fibrosis and ameliorate fraction shortening, and therefore improve cardiac function when injected post-injury in a rat I/R model [START_REF] Gray | Identification of Therapeutic Covariant MicroRNA Clusters in Hypoxia-Treated Cardiac Progenitor Cell Exosomes Using Systems Biology[END_REF]. Cardioprotection was also demonstrated by Ong and colleagues, observing that inversely, mouse CPCs take up endothelial cell-derived EVs accompanied by the transfer of miR-126 and miR-210, inducing anti-apoptotic effects. The group showed that intramyocardial injections of CPCs with nonviral vector expression system termed minicircles containing HIF-1 led to an improvement in ejection fraction in a mouse MI model. Furthermore, overexpressing HIF-1 in endothelial cellderived EVs resulted in an increase in both miRNAs when taken up by recipient CPCs [START_REF] Ong | Cross Talk of Combined Gene and Cell Therapy in Ischemic Heart Disease: Role of Exosomal MicroRNA Transfer[END_REF]. Another example of CMEV miRNA is miR-30 which was found to be enriched in EVs that underwent hypoxic treatment and was transferred between cardiomyocytes. This study suggested that the genes Atg12 and beclin-1 were targeted which led to the regulation of maintained autophagic response. When a miR-30 inhibitor was used to transfect cardiomyocytes, EV release was hindered, rescuing hypoxic apoptosis [START_REF] Yang | Exosomal Transfer of MiR-30a between Cardiomyocytes Regulates Autophagy after Hypoxia[END_REF].

As exercise reduces the risk of cardiovascular events in diabetic patients, the group of nature was also performed with detection of Annexin V via flow cytometry [START_REF] Nomura | Activated Platelet and Oxidized LDL Induce Endothelial Membrane Vesiculation: Clinical Significance of Endothelial Cell-Derived Microparticles in Patients with Type 2 Diabetes[END_REF]). The study also revealed that compared to control patients, T2D patients possessed a significantly higher concentration of endothelial cell-derived and platelet-derived EVs in the circulation. Similarly, this was also demonstrated by Tripodi et al. who showed that in T2D

patients, there was a significant augmentation in total circulating Annexin V+ EVs as well as CD41+ platelet-derived EVs as compared to control patients [START_REF] Tripodi | Hypercoagulability in Patients with Type 2 Diabetes Mellitus Detected by a Thrombin Generation Assay[END_REF]. In fact, a comprehensive meta-analysis EV quantitative study was performed by utilising the data of 34 studies and it was found that circulating EVs were significantly higher in concentration in T2D

patients as compared to their corresponding controls. Despite their observation that these EVs were of either platelet, endothelial cell, leukocyte and monocyte origin, there were no investigations looking into CMEVs [START_REF] Li | Cell-Derived Microparticles in Patients with Type 2 Diabetes Mellitus: A Systematic Review and Meta-Analysis[END_REF].

As Waldenström et al. has demonstrated, CMEVs could be taken up by cardiac fibroblasts as well as endothelial cells, inducing changes in recipient cells. Gene expression was found to be modified when the group detected presence of CMEV-packaged DNA in the nucleus as well as the cytosol of cardiac fibroblasts. When CMEVs were co-cultured with fibroblasts, it was shown that about 150 genes were downregulated and 170 genes were upregulated [START_REF] Waldenström | Cardiomyocyte Microvesicles Contain DNA/RNA and Convey Biological Messages to Target Cells[END_REF]. In line with this, another group also documented the 
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Another stressor apart from hypoxic induction would be glucose starvation. A study has shown that depriving glucose in the media has not only led to an increase in the release of rodent CMEVs but a modulation of the miRNA cargo as well. Here, Garcia et al. ratified that glucose-deprived EVs and control EVs contained different miRNAs and proteins. The former contained higher levels of miR -16, miR-17, miR-19a, miR-19b, miR-21, miR-23a, miR-23b, miR-30c, miR-125b-5p, miR-126-3p, miR-301a and miR-301b as well as proteins that play a role in cell metabolism while the latter contained higher levels of miR-17, miR-20a, miR-23b, miR-30b and miR-132 with proteins that are involved in cell survival and growth. The group also observed that when endothelial cells take up glucose-deprived CMEVs, a proportional relationship between the level of angiogenesis and the levels of miR -17, miR-19a, miR-19b, miR-20a, miR-30c and miR-126 was found. This was evidenced by an increase in tube-like formation by the endothelial cells in addition to the increased stimulation of endothelial cells to commence the synthesis phase of cell replication [START_REF] Garcia | Glucose Starvation in Cardiomyocytes Enhances Exosome Secretion and Promotes Angiogenesis in Endothelial Cells[END_REF]. This therefore shows that in an environment where glucose is increased, CMEVs are suggested to implicate negatively on endothelial cells.

ENDOTHELIAL CELL-DERIVED EXTRACELLULAR VESICLES

Maintaining homeostasis is imperative when vascular endothelial cells are exposed to stressors such as hypoxia, turbulent flow or inflammation as they constitute the primary barrier between blood and tissue. This applies particularly to the cardiac microvasculature In diabetes, insufficient myocardial angiogenesis and the death of endothelial cells result in microvascular rarefaction, which is common in diabetes-modulated CVD [START_REF] Varga | Interplay of Oxidative, Nitrosative/Nitrative Stress, Inflammation, Cell Death and Autophagy in Diabetic Cardiomyopathy[END_REF]. This is mainly initiated by hyperglycaemic-mediated endothelial dysfunction and can be explained by miRNA-based mechanisms. Exposure of hyperglycaemia increases the level of endothelial miR-503, which targets cyclin E1 (CCNE1) and cell division cycle 25 A (Cdc25A), hindering angiogenesis and endothelial cell proliferation [START_REF] Caporali | Deregulation of MicroRNA-503 Contributes to Diabetes Mellitus-Induced Impairment of Endothelial Function and Reparative Angiogenesis after Limb Ischemia[END_REF]. Additionally, the transfer of miR-503 to pericytes hampered their proliferation and migration, further reducing angiogenesis and negatively affecting vessel permeability by secreting VEGFA and ephrin-B2 (EFNB2) [START_REF] Caporali | P75(NTR)-Dependent Activation of NF-ΚB Regulates MicroRNA-503 Transcription and Pericyte-Endothelial Crosstalk in Diabetes after Limb Ischaemia[END_REF].

miR-10a, on the other hand is found in healthy endothelial cell-derived EVs that can be transferred to monocytes, suppressing multiple players of the NF-κB pathway and obstructing inflammation [START_REF] Njock | Endothelial Cells Suppress Monocyte Activation through Secretion of Extracellular Vesicles Containing Antiinflammatory MicroRNAs[END_REF]. Moreover, elevated levels of miR-126 are contained in these EVS, which can target a negative regulator of the VEGF signalling pathway, sprout-related, EVH1 domain-containing protein 1 (SPRED-1). This subsequently supports the reparation of the vascular endothelium (Jansen, Yang, Hoelscher, et al. 2013). Reduction in miR-126 expression in endothelial cell-derived EVs conversely decreases SPRED-1 targeting and therefore hampers vascular endothelium repair. miR-126 expression has also been demonstrated by Wu et al. to be decreased in circulating EVs and endothelial progenitor cellderived EVs in diabetic patients [START_REF] Wu | The Effects of Microvesicles on Endothelial Progenitor Cells Are Compromised in Type 2 Diabetic Patients via Downregulation of the MiR-126/VEGFR2 Pathway[END_REF]. The group also showed that ROS production and cell apoptosis is augmented while migration is reduced when these EVs were co-cultured with endothelial progenitor cells, downregulating VEGF receptor 2 (VEGFR2).

During the last month of pregnancy up to about half a year post-birth, women may experience weakness in their cardiac muscle, a condition also known as peripartum cardiomyopathy [START_REF] Arany | Peripartum Cardiomyopathy[END_REF]. It was illustrated that 16-kDa N-terminal prolactin fragment (16K PRL) stimulates endothelial cells resulting in the enrichment of miR-146a in the cells, subsequently hampering their proliferation and angiogenic capabilities. This miRNA is loaded in endothelial-cell derived EVs and is transferred to cardiomyocytes. The resulting dampening of expression of proteins Notch1, Erb-B2 receptor tyrosine kinase 4 (ERBB4) and IL-1 receptor associated kinase 1 (IRAK1) -proteins that are normally upregulated in the maternal heart -and the hampering of metabolic activity of cardiomyocytes contribute to the development of this potentially life-threatening disease [START_REF] Halkein | MicroRNA-146a Is a Therapeutic Target and Biomarker for Peripartum Cardiomyopathy[END_REF]).

FIBROBLAST-DERIVED EXTRACELLULAR VESICLES

Fibroblasts, particularly cardiac fibroblasts, are secretory cells that play an important role in replacing the extracellular matrix, altering the physiology of other cardiac cells. By treating cardiac fibroblasts with either hypoxia or normoxia, Cosme et al. performed a proteomic analysis comparing protein content of the lysates of these fibroblasts, fibroblastderived secretomes as well as fibroblast-derived EVs in these two conditions. In terms of fibroblast-derived EVs, the group discovered that there was a difference in the number of proteins that were found in the EVs between normoxic and hypoxic conditions with a total of 144 common proteins being dysregulated. Proteins that are found mostly in the extracellular matrix such as fibronectin, perlecan and collagen were enriched in hypoxic EVs. Mitochondria scavenging was suggested by the group to be a possible mechanism of these EVs under stress conditions due to the observation of mitochondria-associated protein overexpression in them.

The fibroblast-derived EVs were also used as a treatment on normoxic/hypoxic-reoxygenated cardiomyocytes. Interestingly, under hypoxia, the treatment of cardiomyocytes by fibroblastderived EVs decreased cell viability when the EVs were added before reoxygenation while on the other hand, increasing cell viability when added before hypoxic induction. This elucidates the time-sensitive importance of the co-culture. [START_REF] Cosme | Hypoxia-Induced Changes in the Fibroblast Secretome, Exosome, and Whole-Cell Proteome Using Cultured, Cardiac-Derived Cells Isolated from Neonatal Mice[END_REF]) 

2018).
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Another example of the study of induced cardiac hypertrophy by fibroblast-derived EVs was described by [START_REF] Lyu | A Critical Role of Cardiac Fibroblast-Derived Exosomes in Activating Renin Angiotensin System in Cardiomyocytes[END_REF] Angiogensin II (Ang II) treatment of cardiac fibroblasts resulted in an augmented release of EVs through the stimulation of Ang II receptor types 1 (AT1R) and 2 (AT2R). The treatment of cardiomyocytes with these EVs resulted in the enrichment of AT1R, AT2R, angiotensin, renin while reducing expression of angiotensinconverting enzyme 2 in cardiomyocytes. In addition to this, there was also an increase in Ang II production by the cardiomyocytes. These consequences, in turn, intensify Ang II-associated pathological cardiac hypertrophy [START_REF] Lyu | A Critical Role of Cardiac Fibroblast-Derived Exosomes in Activating Renin Angiotensin System in Cardiomyocytes[END_REF].

Diastolic dysfunction can be promoted by elevated myocardium stiffness that results from the differentiation of fibroblasts to myofibroblasts accompanied by the latter's proliferation and the formation of extracellular matrix [START_REF] Fan | Cardiac Fibroblasts, Fibrosis and Extracellular Matrix Remodeling in Heart Disease[END_REF]). This response is typically observed in patients suffering from diabetic cardiomyopathy. A representation of CVD was demonstrated by Pedrotty et al., who showed that cardiac fibroblasts' paracrine factors induce deleterious changes in cardiomyocyte electrophysiology in primary neonatal rat cardiomyocyte culture, despite the absence of EV assessment [START_REF] Pedrotty | Cardiac Fibroblast Paracrine Factors Alter Impulse Conduction and Ion Channel Expression of Neonatal Rat Cardiomyocytes[END_REF].

Hyperglycaemia can mediate cardiac fibrosis by stimulating collagen synthesis, myofibroblast differentiation and proliferation in fibroblasts [START_REF] Shamhart | Hyperglycemia Enhances Function and Differentiation of Adult Rat Cardiac Fibroblasts[END_REF]. A potential key player in the afore-mentioned effects would be miR-21, targeting dual specificity phosphatase 5 (DUSP5), which is an inhibitor of c-Jun N-terminal kinase (JNK) and p38 signalling [START_REF] Liu | Micro-RNA 21Targets Dual Specific Phosphatase 8 to Promote Collagen Synthesis in High Glucose-Treated Primary Cardiac Fibroblasts[END_REF]. Seemingly, an enrichment of miRNA passenger strands (miR-21a-5p) is found in cardiac fibroblast-derived EVs and these EVs target cardiomyocytes. Usually eradicated during miRNA biogenesis, the transfer of this miRNA was observed by Bang et al. to downregulate PDZ and LIM domain 5 (PDLIM5) and sorbin and Src homology 3 (SH3) domain-containing protein 2

[SORBS2], therefore promoting cardiac hypertrophy (Bang et al. 2014). The group also observed that inhibiting miR-21a-5p led to a suppression of angiotensin-II induced hypertrophy in mice.

CARDIOSPHERE-DERIVED EXTRACELLULAR VESICLES

The adult heart comprises a group of heterologous cells termed cardiac-derived progenitor cells (CPCs) that are senescent in physiological conditions and are stimulated by injuries, differentiating into new muscle or vascular cells [START_REF] Bergmann | Evidence for Cardiomyocyte Renewal in Humans[END_REF]).

Spontaneously secreted out from primary ex vivo cultures of cardiac tissue, CPCs are prone to form spherical aggregates when cultured in suspension and these aggregates are called cardiospheres (CDCs). Notably, CDCs and CPCs are different in their properties [START_REF] Barile | Endogenous Cardiac Stem Cells[END_REF].

It was shown that EVs can be released from CPCs and CDCs [START_REF] Sahoo | Exosomes from Human CD34(+) Stem Cells Mediate Their Proangiogenic Paracrine Activity[END_REF]. In 2014, Barile et al. studied the effects of EV-containing conditioned medium from CPCs, on HL-1 cells as well as on human umbilical vein endothelial cells (HUVECs). The results revealed that HL-1 cell apoptosis was impeded while HUVEC tube formation was exacerbated. When comparing with fibroblast-derived EVs, miRNA transcriptional profiling of EV content highlighted an increase in miR-210, miR-132, miR-146a-3p, and miR-181. In particular, Barile and colleagues hypothesised that the presence of an elevated amount of miR-210 sustained the antiapoptotic effect resulting with its correlation with the downregulation of its targets ephrin A3 and protein-tyrosine-phosphatase 1 (PTP1), while the enriched presence of miR-132 was proposed to be the angiogenic factor due to its association with the functional downregulation of its target RasGap-p120 [START_REF] Barile | Extracellular Vesicles from Human Cardiac Progenitor Cells Inhibit Cardiomyocyte Apoptosis and Improve Cardiac Function after Myocardial Infarction[END_REF]. miR-21 could also be a factor that shelters cardiomyocytes from apoptosis where a downregulated programmed cell death 4 (PDCD4) expression was observed. Unsurprisingly, this factor is indeed incorporated in the miRNA-21/PDCD4 axis that has an imperative role in modulating oxidative stress induced cardiomyocyte apoptosis [START_REF] Xiao | Cardiac Progenitor Cell-Derived Exosomes Prevent Cardiomyocytes Apoptosis through Exosomal MiR-21 by Targeting PDCD4[END_REF]).

Another study by Barile et In terms of CDCs, it was demonstrated that EVs derived from them possessed cardioprotective function [START_REF] Ibrahim | Exosomes as Critical Agents of Cardiac Regeneration Triggered by Cell Therapy[END_REF]. They resulted in a supplemented increase in miR-146 compared to those of the fibroblasts. miR-146 has defined targets Irak1 and Traf6, which are signalling mediators of the TLR-NF-κB axis [START_REF] Wang | Increased Expression of MicroRNA-146a Decreases Myocardial Ischaemia/Reperfusion Injury[END_REF]. In this study, the introduction of cardiomyocytes to a miR-146a mimic promoted protection against oxidative stress and consequentially resulted in heightened cardiomyocyte viability. Furthermore, miR-146a KO mice experienced significantly impaired heart function post-MI, leading to adverse tissue remodelling compared to WT mice or miR-146a KO mice that were injected with an miR-146a mimic (146a KO-R). The authors concluded that this evidence pointed to miRNA-146a being a potential mediator of CDC-derived EVs. In physiological conditions, CPCs are also exposed to hypoxic conditions. However, most of the studies pertaining to the role of CPC-derived EVs on different populations of infarcted cardiomyocytes did not consider this factor. Commendably, Gray's group did indeed pay attention to this and utilised CPC derived-EVs that underwent hypoxia for 3 or 12 hours and co-cultured them with endothelial cells and cardiac fibroblasts. They revealed that 12hour hypoxic CPC-derived EVs significantly tempered pro-fibrotic factor expression in fibroblasts while enhancing tube formation in endothelial cells. However, 3-h hypoxic or
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normoxic CPC-derived EVs did not have such pronounced effects. Interestingly, they demonstrated that hypoxic EVs contained low levels of miRNA-185, miRNA-222 and miRNA-320 correlating with pro-fibrotic effects, anti-migration and pro-apoptotic effects and antiangiogenic effects respectively [START_REF] Gray | Identification of Therapeutic Covariant MicroRNA Clusters in Hypoxia-Treated Cardiac Progenitor Cell Exosomes Using Systems Biology[END_REF].

Nie et al. published a paper on their study of RNA sequencing and proteomic analysis of the CPC-derived EVs in 2018. Data obtained confirmed the pro-mitogenic, pro-survival and pro-angiogenic effects of CPC-derived EVs. Enriched levels of miRNA precursors and miRNAs that stimulate cell survival, proliferation and angiogenesis were observed such as miR-3615, miR-6087, miR-1244, and miR-3687. Furthermore, small and long non-coding RNAs were also found to be enriched. In terms of EV protein content, about 90% of proteins were found with their corresponding mRNA. This indicates that they were captured during the process of translation. Unsurprisingly, unveiled proteins were also demonstrated to be compromised in angiogenesis, proliferation and cell survival [START_REF] Nie | MiR-217 Promotes Cardiac Hypertrophy and Dysfunction by Targeting PTEN[END_REF]. T2D is an associated comorbidity where patients possess a marked higher risk of CVD.

THE TAKEHOME MESSAGE

Despite significant advancements in the treatment of acute coronary syndrome, the increased mortality rate of T2D patients is still highly prevalent [START_REF] Koskinen | Coronary Heart Disease Incidence in NIDDM Patients in the Helsinki Heart Study[END_REF]). The apparent failure in treating T2D lies in the inability to control lifestyle habits. Measures to control hyperglycaemia include drugs that alarmingly have been associated with adverse side effects -rosiglitazone was associated with a significant increase in MI risk [START_REF] Nissen | Effect of Rosiglitazone on the Risk of Myocardial Infarction and Death from Cardiovascular Causes[END_REF], saxagliptin was associated with an elevated risk or hospitalisation for heart failure [START_REF] Scirica | Heart Failure, Saxagliptin, and Diabetes Mellitus: Observations from the SAVOR-TIMI 53 Randomized Trial[END_REF]. Therefore, this highlights a dire need to embark on newer heights in scientific research to delve further beyond state-of-the-art advancements, identifying and investigating newer strategies to curb CVD especially so in T2D patients.

The extensive role of EVs in communication and enabling cross-talk between cells not only in the neighbouring environment but at distant has been described [START_REF] Camussi | Exosomes/Microvesicles as a Mechanism of Cell-to-Cell Communication[END_REF].

On top of that, EVs were also shown to be involved in immune responses [START_REF] Raposo | B Lymphocytes Secrete Antigen-Presenting Vesicles[END_REF].

This role of communication was further supported by the emerging evidence in 2007 that EVs were actually harbouring mRNA and miRNA cargo that remained functional in recipient cells post transfer (Valadi et al. 2007). Thus, EVs could be seen not only as cellular messengers but also as carrying intended meaningful cargo as encapsulated messages and eliciting biological functional effects on target recipient cells. Of particular interest, our lab has also shown that intracardiac EVs are released into the heart following MI and induce inflammatory responses by inducing the release of pro-inflammatory cytokines and chemokines in monocytes. These

EVs were mostly of cardiomyocyte and endothelial cell origin (Loyer et al. 2018). Akbar and colleagues also showed that endothelial cell-derived EVs mobilised monocytes to the infarcted heart from the spleen and that endothelial cells were triggered to release EVs via proinflammatory cytokine stimulus [START_REF] Akbar | Endothelium-Derived Extracellular Vesicles Promote Splenic Monocyte Mobilization in Myocardial Infarction[END_REF]. The horizontal transfer of EV encapsulated cargo such as miRNA between different types of cells have been evidenced to result in cardioprotective effects in the context of MI or I/R injury [START_REF] Chong | Extracellular Vesicles in Cardiovascular Diseases: Alternative Biomarker Sources, Therapeutic Agents, and Drug Delivery Carriers[END_REF].

Therefore, to be able to understand the role of cardiac EVs and both their immunomodulatory properties and intrinsic activity provide EVs with their potential as therapeutic agents with regards to myocardial ischaemia.

With this line of vision, at the point of my project conception, no evidence has yet come to light in terms of investigating intracardiac EVs in the context of T2D (Table 3). 

Cultured endothelial cells T1D

Hind limb ischaemia STZ mice [START_REF] Caporali | P75(NTR)-Dependent Activation of NF-ΚB Regulates MicroRNA-503 Transcription and Pericyte-Endothelial Crosstalk in Diabetes after Limb Ischaemia[END_REF] In order to fully comprehend the role of intracardiac EVs in the context of both MI and T2D, it is imperative to investigate and characterise these EVs which has never been explored before. Therein lies the novelty of my thesis project and building on what was reported previously by our lab, we would therefore be investigating the modulation of intracardiac EVs by diabetes post-MI. EVs in control and diabetic mice hearts post-MI. In order to prove that these EVs indeed are travelling to distant organs (i.e. the spleen), trafficking of these EVs in the circulation is necessary. This will be done by isolating circulating EVs from platelet free plasma of control and diabetic mice post-MI to detect the presence of GFP+Caveolin 3+ EVs using high-sensitivity flow cytometry.

THESIS OBJECTIVES

For cell destination targeting, EVs will be isolated from HL-1 murine cardiomyocyte cellline under hypoxic conditions to mimic ischaemia and will be co-cultured on splenocytes isolated from either control or diabetic mice 24-hours post-MI with their corresponding shams. EV membranal staining with Lipilight will be used to traffic bio-distribution of these EVs. Splenocytes will then be analysed using flow-cytometry to detect presence of Lipilight positive cells in the different splenic immune cell populations.

(IV)

Investigating the functional effects of miRNA transfer from cardiac EVs to identified target immune cells of diabetic mice.

After selecting potential miRNA candidates that were found to be dysregulated by diabetes (Objective II) and determining target immune cells of hypoxic cardiomyocytederived EVs in the diabetic spleen (Objective III), we would then overexpress the selected miRNA(s) in these EVs and co-culture them with the subpopulation of immune cells that are shown to preferentially uptake the EVs. qPCR will then be performed to validate the horizontal transfer of the miRNA(s) from EVs to target recipient immune cells as well as to observe whether there is a difference in the levels of miRNA expression in immune cells derived from diabetic mice as compared to control mice post-MI.

By comparing treatment on target cells by hypoxic cardiomyocyte-derived EVs with forced overexpression of selected miRNA compared to control EVs, ProcartaPlex multiplex immunoassay panels will be used to elucidate the biological functional effects of selected miRNA(s) EV-mediated transfer from cardiomyocyte-derived EVs to target immune cells of diabetic or control mice post-MI. Here, we will then be able to observe whether diabetes modulates the inflammatory response elicited by the functional transfer of selected miRNA(s).

MATERIALS AND METHODS

MATERIALS AND METHODS

MOUSE MODELS HIGH FAT DIET

Eight-week-old C57Bl/6J male mice (Janvier, France) were fed with either a high fat diet (HFD) (Cat #236 HF, (SAFE, France) or normal chow diet (NCD) for a period of three months. The HFD is composed of 50% fat, 32.4% protein and 3.2% carbohydrate. An intraperitoneal injection glucose tolerance test (IPGTT) was performed after three months to attest for glucose intolerance. The dose of glucose was given at 1 g/kg of mice via intraperitoneal injections.

Blood was collected after a 12-hour fast and at 10, 20, 30, 40, 50, 60, 90 and 120 minutes post-injection. The Accu-Chek system was used for measuring of blood glucose levels.

For ease of definition, in our studies, we therefore define mice as diabetic if blood glucose levels were more than 200 mg/dl at 120 minutes post-injection.

MYOCARDIAL INFARCTION

Diabetic and control mice were subjected to permanent ligation of the left anterior descending (LAD) to induce myocardial infarction. An incision was performed between the third and fourth intercoastal muscle to visualise the heart. The pericardium was then carefully cut open to expose the heart. After locating the LAD visually and subsequent isolation, a monofilament non-absorbable suture was then passed around the artery and a permanent ligation was performed. Open wounds were then sutured close.

The mice recovered within 24 hours post-surgery. Surgery was performed according to the ethical committee guidelines for animal experimentation (MESR [Ministère Enseignement Supérieur et Recherche] No. 9228). Anaesthetic regiment consisted of a mixture of ketamine (100 mg/kg body weight) and xylazine (10 mg/kg body weight and was administered intraperitoneally. For the sham group, mice underwent all surgical procedures except for the permanent ligation of the LAD.

EXTRACELLULAR VESICLE ISOLATION

CIRCULATING EXTRACELLULAR VESICLE PLATELET FREE PLASMA PREPARATION

Mice were sacrificed at time-points of 15, 24, 48 and 72 hours post-surgery (n=5-7 per group). Anaesthesia regiment constituents and concentration was the same as per infarction induction. Mouse weight was also measured and recorded prior to anaesthesia.

After mice were anaesthetised, they were placed in supine position and the underside was cleaned with 70% ethanol. Using straight sharp-blunt scissors (Cat# 14001-13, Phymep, France), an inverse T incision (Fig. 17) was performed to expose organs. All organs below the diaphragm were set aside to expose the inferior vena cava. 1 ml syringes (Cat# SS+01T1, Terumo, Japan) attached to a 26G needle (Cat# NN-2613R, Terumo, Japan) that have been primed with sodium citrate 3.8% solution (Cat# CL02.1406, Chem-Lab, Belgium) were used to puncture the vena cava and to withdraw the maximum amount of blood possible, usually of a volume between 500-700 µl. The needle was then removed, and blood was gently dispensed into 1.5 ml polypropylene tubes that contained 10 µl of sodium citrate solution. The tubes containing the blood were then inversed three times to ensure proper mixing with the sodium citrate solution to prevent coagulation. The blood was then subjected to differential centrifugation using a 5840R benchtop centrifuge (Eppendorf, Germany) to obtain platelet free plasma (Fig. 18) within two hours post-withdrawal. Blood was first centrifuged at 2,500 xg at 18°C for 15 minutes without brake and acceleration to obtain platelet poor plasma (PPP) as supernatant. PPP was aspirated gently without disturbing the pellet which contains platelets and transferred into a new 1.5 ml polypropylene tube. PPP was then centrifuged at 2,500 xg at 18°C for 15 minutes to obtain platelet free plasma (PFP). The PFP was then gently aspirated into a final 1.5 ml polypropylene tube for collection and storage at -80°C immediately until day of utilisation. Isolation of circulating lEVs and sEVs was performed by using differential centrifugation methods modified from Loyer et al., 2018. Briefly, the 1.5 ml polypropylene tubes containing the pooled fractions of EVs were centrifuged using a Mikro 22R benchtop centrifuge (Mikro 22R, Hettich, Germany) at 20,500 xg at 4°C for 2 hours to pellet the lEVs. The supernatant of the lEVs was aspirated gently and transferred to polycarbonate centrifuge tubes (Cat# 343778, Beckman Coulter, USA) and topped up to 1 ml with 0.1 µm filtered PBS. The supernatants were then subjected to an ultracentrifugation of 100,000 xg at 4°C for 1.5 hours using an Optima MAX-XP ultracentrifuge (Beckman Coulter, USA). The lEV and sEV pellet were then resuspended in an appropriate buffer depending on the type of experiments that follow. The sEV supernatant was either discarded or aliquoted for further experiments (Fig. 19).

DIFFERENTIAL CENTRIFUGATION

INTRACARDIAC EXTRACELLULAR VESICLES LEFT VENTRICLE HARVESTING

After withdrawal of blood, the diaphragm was cut to expose the heart visually. The lungs were then excised to ease isolation of the heart. The left atrium was then located and removed as this would prevent excessive pressure when the heart would be flushed with PBS.

At this point, the heart should still be beating to ensure that the cardiac EVs are isolated from tissue that remains as fresh as possible. The descending aorta is then punctured with a 26G needle attached to a 20 ml syringe (Cat# SS+20ES1, Terumo, Japan) filled with ice cold PBS (Cat# 10010-031, Thermo Fisher Scientific, USA) that was filtered using a 0.1 µm syringe filter (Cat# 16553, Sartorius, Germany). 5 ml PBS was then injected at a steady rate to flush out the remaining blood in the heart. The whole heart was removed post-flushing. After removing the remaining atrium and the right ventricle using micro-scissors (Cat# 15396-00, Phymep, France) and angled fine forceps (Cat# 11063-07, Phymep, France), the left ventricle was flushed again with 1 ml of icecold PBS. After weighing the left ventricle, the tissue just above the ligation was excised using a scalpel blade (Cat# PDSS 24, Paramount, India) and removed (Fig. 20). The remaining tissue, which constituted of the infarcted area for MI mice, was then weighed before placing it in a 1.5 ml polypropylene tube containing ice-cold 0.9% saline. Samples were kept on ice for a maximum of 2 hours before processing them for isolation of EVs. Isolation of intracardiac lEVs and sEVs was performed by using differential centrifugation methods modified from Loyer et al., 2018. The infarcted tissue in the 1.5 ml polypropylene tubes containing ice-cold 0.1 µm filtered NaCl was minced on ice for 30 seconds and then centrifuged twice using a Mikro 22R benchtop centrifuge (Mikro 22R, Hettich, Germany) at 400 xg at 4°C for 15 minutes to pellet the tissue debris. The supernatant was carefully transferred to a 2 ml polypropylene tube and centrifuged at 20,500 xg at 4°C for 45 minutes to pellet the lEVs. The supernatant of the lEVs was aspirated gently, transferred to polycarbonate centrifuge tubes (Cat# 343778, Beckman Coulter, USA) and topped to 1 ml with 0.1 µm filtered NaCl. The supernatants were then subjected to two ultracentrifugation of 100,000 xg at 4°C for 1.5 hours using an Optima MAX-XP ultracentrifuge (Beckman Coulter, USA). The lEV and sEV pellet were then resuspended in an appropriate buffer depending on the type of experiments that follow. The sEV supernatant was either discarded or aliquoted for further experiments (Fig. 21).

DIFFERENTIAL CENTRIFUGATION

CELL CULTURE -HL-1 CARDIAC MUSCLE CELL LINE

HL-1 cardiac muscle cell line (obtained by the generosity of Prof. Claycomb, LSU Health, School of Medicine, New Orleans, LA, USA) was used for our in vitro studies. Being an immortalised mouse cell line, this cell line was chosen as it provides us with a differentiated cardiac phenotype that has been utilised for studies for its electrical, metabolic and signalling properties [START_REF] Claycomb | HL-1 Cells: A Cardiac Muscle Cell Line That Contracts and Retains Phenotypic Characteristics of the Adult Cardiomyocyte[END_REF]). This cell line was also advantageous as we could replicate ischemic conditions by subjecting the cells to a hypoxic environment -this would therefore 4. 

VESICULATION INDUCTION

HL-1 cells were seeded at a concentration of 1.5 x 10 6 cells per T150 flask (Cat# 08-772-48, Thermo Fisher Scientific, USA) and were maintained until 80% confluency is achieved with media change every two days. Supplemented Claycomb Medium is then exchanged with serum-free Supplemented Claycomb Medium for 24 hours to induce vesiculation (see Table 5 below for serum-free Supplemented Claycomb Medium). As FBS is used as a nutrient growth supplement for the cells and to protect cells from in vitro stresses, removing serum would allow the HL-1 cells to starve, bringing cellular stress to induce vesiculation [START_REF] Brunner | Serum-Free Cell Culture: The Serum-Free Media Interactive Online Database[END_REF]. In addition to this, FBS also releases EVs when co-isolated with cell-derived EVs in the conditioned media that will confound qualitative and quantitative analyses [START_REF] Beninson | Exosomes in Fetal Bovine Serum Dampen Primary Macrophage IL-1β Response to Lipopolysaccharide (LPS) Challenge[END_REF]. Therefore, it is imperative that serum be removed from conditioned medium for vesiculation. 

HYPOXIA INDUCTION

To stimulate ischaemia in cardiac tissue, HL-1 cells were subjected to hypoxic treatment by placing them in a hypoxic incubator for the desired amount of time. Cells that were cultured normally (normoxic treatment) were used as controls. Details of these conditions are as follows: (A) Normoxia: temperature of 37°C, 5% CO2, 21% O2 and 95%

humidity. (B) Hypoxia: temperature of 37°C, 5% CO2, 1% O2 and 95% humidity.

DIFFERENTIAL CENTRIFUGATION

Figure 22: Isolation of HL-1 cell derived lEVs and sEVs by using differential centrifugation methods.

After induction of vesiculation in serum-free media under either normoxic or hypoxic conditions, the supernatant of HL-1 cells was collected (30 ml per T150 flask) in 50 ml polypropylene tubes and subjected to EV isolation using differential centrifugation methods.

Conditioned medium supernatant was first centrifuged at 600 x g for 15 minutes at 4°C for cell debris removal. The supernatant was then gently aspirated and transferred into a new 50 ml polypropylene tube and underwent centrifugation at 4,500 x g for 20 minutes at 4°C to remove apoptotic bodies. Supernatant was then transferred to a 30 ml Nalgene Oak Ridge high-speed polycarbonate tube with screw closure (Cat# 3114-0030, Thermo Fisher Scientific, USA) and centrifuged at 20,500 x g for 2 hours at 4°C to pellet the lEVs.

In order to pellet the sEVs, the lEV supernatant was aspirated gently and underwent two ultracentrifugation steps: the first ultracentrifugation at 100,000 x g for 1.5 hours at 4°C using an Optima LE-80K ultracentrifuge with 70Ti rotor (Beckman Coulter, USA) in 26 ml polycarbonate ultracentrifuge tubes (Cat# 355618. Beckman Coulter, USA) and the second ultracentrifugation at 100,000 x g for 1.5 hours at 4°C using an Optima MAX-XP ultracentrifuge (Beckman Coulter, USA) in 1 ml polycarbonate centrifuge tubes (Cat# 343778, Beckman

Coulter, USA). The lEV and sEV pellet were then resuspended in an appropriate buffer depending on the type of experiments that follow. The sEV supernatant was either discarded or aliquoted for further experiments (Fig. 22).

EXTRACELLULAR VESICLE CHARACTERISATION

TUNABLE RESISTIVE PULSE SENSING

Tunable resistive pulse sensing (TRPS) was used to characterise EVs based on their size, concentration, size distribution as well as their population by using qNano Gold (Izon, New or number of cells (cell derived EVs). A P value <0.05 was considered significant. Mann-Whitney U test was used to compare 2 groups. All data were analysed using Prism 8.0 (GraphPad Software, Inc).

FLOW CYTOMETRY LARGE EXTRACELLULAR VESICLE GATING

Intracardiac lEVs were analysed on a Cytoflex flow cytometer (Beckman Coulter, USA).

Before analysing lEVs, gating strategies were required to define events with a diameter of 0.1 µm to 0.9 µm according to the application note set-up by Spittler, 2015. lEV gating was determined by using a combination of FITC labelled fluorescent Megamix-Plus SSC (Cat# 7803, Biocytex, France) and Megamix-Plus FSC beads (Cat# 7802, Biocytex, France), hereby termed as Gigamix. The Megamix-Plus SSC beads contain beads of sizes 0.16 µm, 0.2 µm, 0.24 µm and 0.5 µm and the Megamix-Plus FSC beads contain beads of sizes 0.1 µm, 0.3 µm, 0.5 µm and 0.9 µm. Gating of lEVs was performed with the following parameters (Table 6): 

Axes

Y Axis: Violet SSC-A, X Axis: FSC-A

FSC Gain 106

SSC Gain 61

Threshold 6500-H 

PHOSPHATIDYLSERINE DETECTION AND CELLULAR ORIGIN DETERMINATION

Samples were labelled with Annexin V (Cat# IM2375, Beckman Coulter, USA) together with CaCl2 (5 mmol/L) for 30 minutes at room temperature and analysed by flow cytometry

for two minutes at a concentration of approximately 1,000 events/second to avoid more than 3% abort percentage. Incubation time for labelling, concentration of EVs, and time of measurement is the same for markers of cellular origin as well. Annexin V without CaCl2 was used as negative control. To investigate cellular origin of lEVs, the following antibodies were used (Table 7): Here, cardiomyocyte-derived lEVs are defined as being caveolin-3+, endothelial cellderived lEVs as CD31+CD41-, platelet-derived lEVs as CD41+, fibroblast-derived lEVs as CD90.2+, erythrocyte-derived lEVs as TER119+ and leukocyte-derived lEVs as CD45+.

DOUBLE LABELLING

Double labelling was used for Annexin V and the antibodies listed above. This was done to either (1) prove that positive events also harbour PS (lEV characterisation) as in the case of Annexin V and anti-Caveolin 3 labelling, ( 2) further discriminate cell origin with two antibodies as in the case of anti-CD31 and anti-CD41 or (3) to enhance efficiency in terms of time and sample amount. Double labelling details are as follows (Table 8): 

CD45 APC

Control isotypes were also used as double labelling to their corresponding antibodies.

Treatment with Triton 0.05% was performed as a control for antibody labelling specificity (n=3). Concentrations of each lEV subpopulation were normalised per milligram of tissue. A P value <0.05 was considered significant. Mann-Whitney U test was used to compare 2 groups.

All data were analysed using Prism 8.0 (GraphPad Software, Inc).

WESTERN BLOT PROTEIN EXTRACTION

Determination of protein content of intracardiac EVs were made by Western Blot analysis. Intracardiac EVs were pelleted from either diabetic or control mice post-MI and the EV pellets were then resuspended using Radioimmunoprecipitation assay (RIPA) lysis buffer containing 0.5 M Tris (pH 8), 10% SDS, 1.5 M NaCl, 1% NP-40, 0.25% deoxycholic acid supplemented with cOmplete Mini Anti-protease cocktails (Cat# 11836153001, Merck, USA).

Using a 1 ml syringe attached to a 26 G needle, the resuspension was then flushed 15 times and left on ice for 45 minutes. Post incubation the resuspension was then sonicated by using an ultrasonic processor for 3 seconds at 40 amplitude for a total of 3 times. Samples were then centrifuged at 12,000 RPM, 4°C for 5 minutes using a benchtop 5427R centrifuge (Eppendorf, Germany) to remove cell debris. The supernatant was aspirated carefully and stored at -80°C until further analysis. Protein amount determination was estimated by Micro BCA Protein Assay Kit as per manufacturer's instructions (Cat# 23235, Thermo Fisher Scientific, USA).

SDS-PAGE

EV lysates were denatured in a buffer containing 4x Laemmli Sample Buffer (Cat# 1610747, Bio-Rad, USA) at 95°C for 5 minutes by using a heat block. 

BLOTTING

Western blotting was performed to detect various proteins of interest which include EV characterisation proteins as recommended by MISEV 2018 (tetraspanins CD9 and CD63, cytosolic HSC70) and a cardiac protein (cardiac Troponin T). Golgi apparatus protein (GM130)

were used as negative EV control markers. Membranes were incubated with anti-mouse primary antibodies overnight (Table 9) with constant agitation at 4°C and washed 3 times with TBS-T 0.05% for 10 minutes per wash. Membranes were then incubated with horseradish peroxidase-conjugated secondary antibodies at RT for 1 hour. Clarity Western ECL Substrate (Cat# 1705061, Bio-Rad, USA) was used for immunodetection and the ImageQuant LAS 4000 camera system (GE Healthcare, USA) was used for chemiluminescent signal revelation. Image analysis was performed using MultiGauge software (Fujifilm, Japan). Identified miRNA candidates were then translated as a volcano plot to determine which miRNAs are upregulated in EVs coming from infarcted mice as compared to control mice, with a threshold of significance of p<0.05 and log2 (fold-change)>1.

qPCR VALIDATION

36 miRNAs were identified as potential candidates. These candidates were found to be significantly upregulated (threshold of significance of p<0.05 and log2 fold-change>1) in intracardiac EVs in MI mice compared to sham. To validate these miRNAs, reverse transcription (RT) and quantitative polymerase chain reaction (qPCR) of 10 ng of (a) standard of pooled miRNA product of LV tissue of 4 C57BL/6 8-week old male mice (2 24-hour MI mice and 2 corresponding sham mice) diluted at 80x, 800x, 8,000x, 80,000x dilution and (b) pooled miRNA product of HL-1 cell-and SVEC (mouse endothelial cell line)-derived EVs (both large and small) diluted at 30x was performed. Primers (QIAGEN, Germany) used are found in the table below (Table 10): 

REVERSE TRANSCRIPTION

In order to obtain cDNA, reverse transcription PCR was performed using miRCURY LNA RT KIT (Cat# 339340, QIAGEN, Germany) according to the manufacturer's instructions. Briefly, 10 µg of miRNA was used as template RNA in a total volume of 14 µl of working miRNA with RNAse free H2O used as a diluent. 4 µl of 5x miRCURY SYBR Green RT Reaction Buffer and 1 µl of 10x miRCURY RT Enzyme Mix were added to the template RNA for a total reaction volume of 20 µl. The reverse-transcription reaction temperature cycling protocol is as follows:

Reverse-transcription step was run for 60 minutes at 42°C, inactivation of reaction was run for 5 minutes at 95°C and cooling was left at 4°C. Resulting cDNA product was then stored at -20°C until day of use. Before analysing circulating cardiomyocyte-derived EVs, validating that cardiomyocyte-derived lEVs are indeed GFP+ was warranted and this was done by analysing intracardiac lEVs of cardiac α-actin-GFP+ mice by flow cytometry to detect the presence of caveolin-3. Initial gating strategies for lEVs were described earlier. To gate for GFP+ (FITC+) events, lEVs from WT control animals were used. Intracardiac lEVs were then labelled with anti-caveolin-3-APC or corresponding isotype as per conditions described earlier. After validation, circulating lEVs were then isolated from platelet-free plasma of WT or cardiac α-actin-GFP+ mice corresponding to their intracardiac EV counterparts and subjected to the same flow cytometric analysis using anti-caveolin-3 or isotype to detect the presence of cardiomyocyte-derived EVs in the circulation. FITC gain was set to 2000 to detect GFP+ lEVs.

Treatment with Triton 0.05% was performed for circulating lEVs as a control for antibody labelling specificity (n=3). Concentrations of lEVs were normalised per milligram of tissue or microlitres of plasma. A P value <0.05 was considered significant. Mann-Whitney U test was used to compare 2 groups. All data were analysed using Prism 8.0 (GraphPad Software, Inc). Circulating EVs were also analysed by Amnis ImageStream X Mk II imaging flow cytometer (Luminex Corp., USA). Gating strategies were done by first gating the Megamix FSC and Megamix SSC beads that were used with the Cytoflex flow cytometer described in the earlier section. Gating of sEVs was performed first and defined as being smaller than 0.24 µm with the Megamix SSC. With Megamix FSC, lEVs were then gated and defined as between the prior established sEV gate and below 0.9 µm. SSC was set at maximum laser power at 785 nm.

Imaging microscopy parameters were set to 60x magnification with channel 1 for Brightfield illumination, channel 2 for GFP fluorophore, channel 12 for SSC and a merged channel 1 and 2 for GFP+ vesicles. suspended over a 50 ml polypropylene tube, the spleens were then mashed using the plunger end of a 1 ml syringe. The cell strainers were then rinsed four times with 1ml of 3% PBS-FBS.

Cell suspension was then centrifuged at 500 xg for 10 minutes at 4°C. The supernatant was then carefully aspirated and discarded, and the pellet was then resuspended in 1 ml of 0.1 µm filtered PBS. 1 ml of red blood cell lysis buffer (Cat# R7757, Merck, USA) was added to the resuspension and incubated at 5 minutes at room temperature.

After the incubation, 18 ml of 3% PBS-FBS was added and suspension was centrifuged at 500 xg for 10 minutes at 4°C. Supernatant was then removed carefully, and pellet was resuspended in 3 ml of complete RPMI media that consisted of RPMI 1640 Medium with GlutaMAX and HEPES (Cat# 72400021, Thermo Fisher Scientific, USA) supplemented with 10% FBS, 1% P/S and 0.1% β-mercaptoethanol (Cat# 1610710, Bio-Rad, USA).

Cells were then counted, and a final concentration of 10 x 10 6 cells/ml was obtained.

100 µl of cell suspension was seeded in a 48-well plate (Cat# 353078, Thermo Fisher Scientific, USA) and topped up to 200 µl final volume with complete RPMI media. Splenocytes were then incubated for 1 hour at 37°C. Post incubation, Lipilight (APC) labelled HL-1 cell derived lEVs or sEVs under normoxia or hypoxia conditions were added to designated wells at a ratio of 10

EVs/cell and incubated overnight at 37°C. 

b. FLOW CYTOMETRY OF APC+ SPLENOCYTES

Post-incubation, co-cultured splenocytes were transferred to a 96-well plate and placed on ice post-incubation. The plate was then centrifuged at 500 xg for 5 minutes at 4°C

and supernatant was removed by inverting the plate. Pelleted cells were then resuspended with 100 µl of PBS-FBS 1%. The following antibodies were used to detect the presence of splenic subpopulations (Table 12): Here, splenic subpopulations will be defined as follows: NK cells as NK1.1 + , neutrophils as CD11b + Ly6C + Ly6G + , monocytes as CD11b + Ly6C + Ly6G -, dendritic cells as CD11b + Ly6C + Ly6G - F4/80 -CD11c + , red pulp macrophages as CD11b lo/-Ly6c + Ly6g -F4/80 hi , non-red pulp macrophages as CD11b + Ly6c -Ly6g + F4/80 lo , activated mature B lymphocytes as CD19 + IgM + B220 + , cytotoxic T lymphocytes as CD3 + CD8 + and helper T lymphocytes as

CD3 + CD4 + .
Antibody incubation was performed on ice for 30 minutes and 100 µl of PBS-FBS 1% was added post-incubation. Plate was then centrifuged at 500 xg for 5 minutes at 4°C and supernatant was removed by inverting the plate. A final resuspension of splenocyte pellet with 100 µl of PBS-FBS 1% was performed before transfer to Micronic tubes (Cat# 2517810, Dutscher, France) for flow cytometry analysis. (sham non-diabetic) to 5.9 (MI non-diabetic) 10 6 EVs/mg of tissue (Fig. 29A). For diabetic large EVs, there was also an increase in the release of intracardiac lEVs in all post-MI timepoints as compared to control. Similar to the non-diabetic cohort, we found a significant transient peak at 24 hours in the MI diabetic group (closed red circles) as compared to sham diabetic group (open red circles) from 3.4 (sham diabetic) to 10.3 (MI diabetic) 10 6 EVs/mg of tissue (Fig. 29B).

RESULTS

RESULTS

RESULTS

KINETIC STUDY OF INTRACARDIAC EXTRACELLULAR VESICLE RELEASE

Merged, we showed that there was a significant increase in intracardiac lEV release at 24 hours post-MI in diabetic mice as compared to control animals, from 5.9 (MI non-diabetic) to 10.3 (MI diabetic) 10 

RESULTS

non-diabetic group (closed black circles). Interestingly, levels of intracardiac lEV release did not return to baseline level post-MI (Fig. 29C). Similar to their lEV counterparts, there was an increase in the release of intracardiac non-diabetic sEVs in all post-MI timepoints as compared to control. The similar pattern of having a transient peak at 24 hours in the MI group (closed black circles) as compared to sham group (open black circles) was also observed, increasing significantly from 0.3 (sham nondiabetic) to 1.9 (MI non-diabetic) 10 6 EVs/mg of tissue (Fig. 31A). Of interest, levels of intracardiac sEV release remained at baseline level throughout the 14 days, having no increase in the MI diabetic group (closed red circles) as compared to sham diabetic group (open red circles) (Fig. 30B).

INTRACARDIAC SMALL EXTRACELLULAR VESICLE RELEASE

When merged, it was found that there was a decrease in the release of intracardiac sEVs in diabetic MI group at 24H hours compared to the non-diabetic MI group, from 1.9 (MI non-diabetic) to 0.6 (MI diabetic) 10 6 EVs/mg of tissue. Intracardiac sEV release levels returned to baseline in MI non-diabetic mice between 48 and 72 hours (Fig. 30C).

Given that the differences in the concentration of both intracardiac lEV and sEV release is mainly observed at 24 hours post-MI, we have decided to focus on the following 4 groups for further experiments: (1) non-diabetic 24-hour post-MI and (2) corresponding sham, (3) diabetic 24-hour post-MI and (4) corresponding sham. There are no differences in size distribution (Fig. 31) between diabetic groups and control groups in both types of EVs (lEVs and sEVs). Furthermore, there is no observed difference surgery wise between MI and sham procedures. By looking at the mode of diameter size of intracardiac EVs, sEV diameter size was found to be significantly smaller than lEV diameter size at 24 hours (Fig. 31B). Most of the intracardiac lEVs are of 201-300 nm in size at 24-hour (242±3 nm, n=22) post-MI. There was no difference in the population percentages between neither surgical procedure (MI vs. sham) nor disease (diabetes vs. control). Intracardiac sEVs have the highest percentage of their population between 101-200 nm both at 24-hour (99±2 nm, n=22) post-MI. Similar to lEVs, there were no differences between surgical procedure or disease (Fig. 32). Here, we analysed intracardiac lEVs of non-diabetic and diabetic mice 24 hours and 7

INTRACARDIAC EXTRACELLULAR VESICLE SIZE DISTRIBUTION

days post-MI and the corresponding shams. Cardiomyocyte derived lEVs are defined as

Gated on Total Events Gated on lEVs

caveolin 3+, endothelial cell derived lEVs as CD31+CD41-, platelet derived lEVs as CD41+, erythrocyte derived lEVs as TER119+, fibroblast derived lEVs as CD90.2+ and leukocyte derived lEVs as CD45+. Details of antibody and corresponding isotype labelling can be found in the Materials and Methods section. Gating strategies are as follows: total events > lEVs (Fig. 33).

lEV gating has been previously described in Materials and Methods section. Unlabelled intracardiac lEVs were always analysed by flow cytometry before specific labelling to ensure that auto-fluorescence is avoided. 

ANNEXIN V+ INTRACARDIAC LARGE EXTRACELLULAR VESICLES

RESULTS

Intracardiac lEVs were found to harbour PS by fluorescently labelling them with Annexin V-FITC with the presence of calcium, validating our EV isolation methods (Fig. 35A).

In addition, our team has previously shown that less than 1% of Annexin V+ events were positive for propidium iodide in the post-400 xg supernatant of intracardiac EVs. This therefore indicates that a negligible amount of apoptotic bodies was co-isolated with the EVs (Loyer et al. 2018) which shows that our lEVs harbour microvesicle characteristics. When double labelling of Annexin V and anti-caveolin 3 was performed, it was found that 96±1% of caveolin 3+ EVs were also Annexin V+, further validating our isolated EVs (Fig. 34B).

For non-diabetic mice 24 hours post-MI, there was a significant increase in Annexin V+ lEVs as compared to sham mice, from 0.7 (non-diabetic sham) to 1.7 (non-diabetic MI) 10 6 EVs/mg of tissue, following a similar pattern of total lEV concentration obtained by TRPS measurement. A non-significant increase was observed for diabetic mice from 1.2 (diabetic sham) to 1.7 (diabetic MI) 10 6 EVs/mg of tissue (Fig. 34C). Surprisingly, this does not reflect the fact that we obtained a relatively much higher concentration of intracardiac release of total lEVs in diabetic mice post-MI at 24 hours with TRPS. EVs/mg of tissue) as compared to non-diabetic hearts (1.4 10 5 EVs/mg of tissue). The release of endothelial-derived lEVs did not significantly increase post-MI at 24 hours in non-diabetic mice compared to sham animals. In diabetic mice however, there is a significant increase in the intracardiac release of endothelial cell-derived lEVs, from 0.2 (sham) to 0.6 (MI) 10 5 EVs/mg of tissue (Fig. 36B). There is a trend of increase of endothelial-cell derived lEVs in diabetic mice post-MI as compared to control mice from 0.4 to 0.6 10 5 EVs/mg of tissue respectively. The release of platelet-derived lEVs did not differ between non-diabetic sham and MI mice. However, in diabetic mice, infarction led to a close to significant (p=0.07) increase, from 0.05 (sham) to 0.1 (MI) 10 5 EVs/mg of tissue (Fig. 37B). Diabetes increased the release of platelet-derived lEVs post-MI at 24 hours from 0.06 to 0.1 10 5 EVs/mg of tissue as compared to non-diabetic mice. Myocardial infarction resulted in a trend of reduction in the release of fibroblastderived lEVs, observed in non-diabetic mice from 0.2 (sham) to 0.1 (MI) 10 5 EVs/mg of tissue but did not result in any changes in diabetic mice (Fig. 38B). At 24-hour post-MI, there is a decrease in the release of fibroblast-derived lEVs in diabetic mice as compared to non-diabetic mice where the level was 0.06 in diabetic mice as compared to 0.1 10 5 EVs/mg of tissue in nondiabetic mice. The release of leukocyte-derived lEVs was not altered at 24 hours post-MI in neither non-diabetic mice nor diabetic mice (Fig. 39B). At 24 hours post-MI, diabetes did not seem to increase the release of leukocyte-derived lEVs. A significant increase in the release of erythrocyte-derived lEVs resulted from MI 24 hours post-ligation in non-diabetic mice from 0.01 (sham) to 0.09 (MI) 10 5 EVs/mg of tissue.

CARDIOMYOCYTE-DERIVED LARGE EXTRACELLULAR VESICLES

ENDOTHELIAL CELL-DERIVED LARGE EXTRACELLULAR VESICLES

MI did not alter levels of erythrocyte-derived lEVs in diabetic mice (Fig. 40B). Diabetes caused a decrease in the release of erythrocyte-derived lEVs from 0.09 (non-diabetic) to 0.02 (diabetic) 10 5 EVs/mg of tissue 24 hours post-MI. 

RESULTS
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Similar to previous findings, we found that intracardiac EVs are mostly of cardiomyocyte and endothelial cell origin in both non-diabetic and diabetic mice at 24 hours post-ligation. There are small populations of fibroblast-(CD90.2+) and platelet-(CD41+) and relatively low leukocyte-and erythrocyte-derived (CD45+) EV populations. In control mice, MI significantly increased the release of cardiomyocyte-derived lEVs and surprisingly this was not observed in diabetic mice. In contrast, there is a significant increase in endothelial-cell derived lEVs in diabetic mice 24 hours post-MI (Fig. 41). Treatment of labelled intracardiac lEVs with Triton 0.05% led to a 99±1% decrease in annexin V+ lEVs, a 95%±1% decrease in caveolin-3+ lEVs and a 98%±0.1% decrease in CD31+/CD41-lEVs signifying labelling specificity of annexin V and antibodies (Fig. 42). Volcano plots revealed a number of miRNAs that were upregulated post-MI compared to sham animals in terms of expression. Furthermore, in the presence of diabetes in addition to MI, it was found that only one miRNA was upregulated in lEVs and 2 were downregulated in sEVs. Potential candidates will then be chosen for functional studies later on. Analysis of individual miRNA expression in these EVs can be found in the Supplementary Data.

PROTEIN CHARACTERISATION OF INTRACARDIAC EXTRACELLULAR VESICLES

Expression of 13 miRNAs was significantly upregulated in lEVs of control MI mice as compared to sham 24 hours post-MI. The miRNAs are: miR-21a-5p, miR-21b, miR-142a-3p, miR-142a-5p, miR-146b-5p, miR-147-3p, miR-223-3p, miR-335-3p, miR-503-5p, miR-2137, miR-6239, miR-6240, and miR-6538 (Fig. 45). -21a-5p, miR-21b, miR-142a-3p, miR-142a-5p, miR-146b-5p, miR-147-3p, miR-223-3p, miR-335-3p, miR-503-5p, miR-2137, miR-6239, miR-6240, and miR-6538 in intracardiac lEVs of control MI mice as compared to sham 24 hours post-MI. Threshold significance was set at 0.05. 

RESULTS

Expression of 10 miRNAs were found to be significantly upregulated in lEVs of diabetic MI mice as compared to sham 24 hours post-MI. The miRNAs are: miR-21a-5p, miR-142a-3p, miR-142a-5p, miR-146b-5p, miR-147-3p, miR-223-3p, miR-335-3p, miR-503-5p, miR-2137 and miR-6538 (Fig. 46). -21a-5p, miR-142a-3p, miR-142a-5p, miR-146b-5p, miR-147-3p, miR-223-3p, miR-335-3p, miR-503-5p, miR-2137 and miR-6538 in intracardiac lEVs of diabetic MI mice as compared to sham 24 hours post-MI. Threshold significance was set at 0.05.

Expression of 10 miRNAs was significantly upregulated in sEVs of control MI mice as compared to sham 24 hours post-MI. The miRNAs are: miR-21a-5p, miR-21b, miR-25-3p, miR-92a-3p, miR-142a-3p, miR-142a-5p, miR-146b-5p, miR-223-3p, miR-335-3p and miR-2137 (Fig. 47). -21a-5p, miR-21b, miR-25-3p, miR-92a-3p, miR-142a-3p, miR-142a-5p, miR-146b-5p, miR-223-3p, miR-335-3p and miR-2137 in intracardiac sEVs of control MI mice as compared to sham 24 hours post-MI. Threshold significance was set at 0.05.

Expression of 2 miRNAs was significantly upregulated in sEVs of diabetic MI mice as compared to sham 24 hours post-MI. The miRNAs are: miR-142a-3p and miR-146b-5p (Fig. 48). 

RESULTS

Expression of miR-378a-5p was significantly upregulated whereas miR-146a-5p and miR-503-5p was significantly downregulated in lEVs of diabetic MI mice as compared to control MI 24 hours post-MI (Fig. 49). Only the expression of miR-378a-5p was significantly upregulated in sEVs of diabetic MI mice as compared to control MI 24 hours post-MI (Fig. 50). 

-way Venn diagram representation showing expression of miRNAs that are upregulated within groups: (A) (i) Control MI vs Sham intracardiac lEVs, (ii) diabetic MI vs Sham intracardiac lEVs, (iii) Control MI vs Sham intracardiac sEVs and (iv) diabetic MI vs Sham intracardiac sEVs and (B) a 2-way Venn diagram representation showing either upregulation or downregulation of expression of miRNAs within groups (i) diabetic MI vs Control MI intracardiac lEVs and (ii) diabetic MI vs Control MI intracardiac sEVs.

As one of the objectives of the thesis was to investigate the modulation of diabetes on the miRNA content of intracardiac EVs post-MI, we decided to investigate miR146a-5p, miR-378a-5p and miR-503-5p as potential candidates as their expression was dysregulated in both intracardiac lEV and sEV populations (Fig. 51B). These miRNAs will therefore be used to study the functional impacts of EVs in the diabetic heart post-MI. 

⇗ 378a-5p ⇘ 146a-5p ⇘ 503-5p (A) (B)

RESULTS

CIRCULATING LARGE EXTRACELLULAR VESICLE STUDIES IN DIABETIC MICE POST-MYOCARDIAL INFARCTION

In order to explore the traffic of cardiomyocyte derived-EVs in the circulation, intracardiac EVs were isolated from either diabetic or control cardiac α-actin-GFP+ mice. As we have earlier demonstrated that there was a significant increase in caveolin-3+ lEVs in MI mice compared to sham, we hereby show that MI indeed results in an augmentation of cardiomyocyte-derived intracardiac EV release. As our hypothesis involves the modulation of diabetes on these EVs in addition to MI, only EVs derived from diabetic or control mice that were subjected to 24 hours post-MI were investigated and validated for the presence of caveolin-3. At 24 hours post-MI, we observed a decrease in the release of cardiomyocyte-derived EVs in diabetic hearts (0.8 10 5 EVs/mg of tissue) as compared to non-diabetic hearts (1. 1 10 5 EVs/mg of tissue) (Fig. 52B). This finding is in agreement with our earlier phenotyping experiments of intracardiac lEVs and thus supports the reproducibility of our measurements.

Figure 52: Caveolin-3+ cardiomyocyte derived intracardiac lEVs in α-actin-GFP+ mice. (A) Representative dot-plots of caveolin 3+ intracardiac lEVs derived from control cardiac α-actin-GFP+ mice subjected to 24 hours MI (bottom half) analysed by flow cytometry with IgG control isotype as negative control (top half). (B) Caveolin 3+ lEVs of control MI or diabetic MI mice at 24

Figure 53: GFP+ intracardiac lEVs in α-actin-GFP+ mice. (A) Representative dot-plots of GFP+ intracardiac lEVs derived from control cardiac α-actin-GFP+ mice subjected to 24 hours MI (bottom half) analysed by flow cytometry with control WT as negative control (top half). (B) GFP+ lEVs of control MI or diabetic MI mice at 24 hours post-MI analysed by flow cytometry.

Data is normalised to milligram of tissue and expressed as mean ± SEM. n=5 animals per group.

As expected, intracardiac lEVs isolated from WT mice were not positive for GFP and were therefore used as a negative control to gate for GFP+ events. However, GFP+ lEVs were similar in levels between control and diabetic mice post-MI (1.5 10 5 and 1.7 10 5 EVs/mg of tissue respectively) (Fig. 53B).

Figure 54: Caveolin-3+GFP+ cardiomyocyte-derived intracardiac lEVs in α-actin-GFP+ mice. (A) Representative dot-plots of GFP+Caveolin-3+ intracardiac lEVs derived from control cardiac α-actin-GFP+ mice subjected to 24 hours MI (right bottom half) analysed by flow cytometry with IgG isotype as negative control (right top half) derived from GFP+ intracardiac lEV population (left). (B) Caveolin-3+GFP+ lEVs of control MI or diabetic MI mice at 24 hours post-MI analysed by flow cytometry.

Data is normalised to milligram of tissue and expressed as mean ± SEM. n=5 animals per group.

GFP+ lEV population was then investigated for the presence of caveolin-3+GFP+ lEVs.

Levels of caveolin-3+GFP+ intracardiac EVs were significantly diminished in diabetic mice as compared to control mice, from 2 10 4 to 0.7 10 4 EVs/mg of tissue (Fig. 54B). The presence of caveolin-3+GFP+ lEVs therefore validated that the cardiomyocyte-derived EVs do indeed harbour GFP. At 24 hours post-MI, we observed an increase in the release of cardiomyocyte-derived EVs in the circulation of control mice (3.5 10 4 EVs/µl of plasma) as compared to diabetic mice (9.4 10 4 EVs/µl of plasma) (Fig. 55B). Notably, we observed an inverse relationship in intracardiac EVs where there is greater release in control hearts compared to diabetic hearts. Similar to their intracardiac counterparts, circulating lEVs were also not positive for GFP and were used as a negative control to gate for GFP+ circulating events. The levels of circulating GFP+ lEVs were significantly increased by four-fold in diabetic mice compared to control mice 24 hours post-MI, increasing from 112 EVs/µl of plasma to 406 EVs/ µl of plasma (Fig. 57B). GFP+ lEV population was then investigated for the presence of caveolin-3+GFP+ lEVs.

Not only did we observe that the levels of caveolin-3+GFP+ circulating lEVs were increased in diabetic mice as compared to control mice, from 44 to 204 EVs/µl of plasma, we have also demonstrated for the first time that cardiomyocyte-derived EVs are indeed released into the circulation post-MI (Fig. 59B). Furthermore, when circulating lEVs and sEVs from cardiac αactin-GFP+ mice were analysed by microscopy imaging flow cytometry, we observed that the circulating EVs harboured GFP and hence corroborated our previous findings (Fig. 58). As mentioned earlier, we observed that the majority of intracardiac lEVs released post-MI are of cardiomyocyte and endothelial cell origin. In order to further validate our line of thought that specifically cardiomyocyte-derived EVs warranted further investigation, we first investigated whether there is a preferential uptake by MI mice-derived immune cells of EVs derived from one cell type over the other. HL-1 cells or SVECs were subjected to hypoxia for 24 hours to mimic ischaemia in the heart. The period of 24 hours was chosen as we have observed that the transient peak of release of intracardiac EVs was at 24 hours post-MI in Brigh&ield GFP SSC Brigh&ield + GFP control mice. Additionally, cells were treated with either modified Claycomb medium (for HL-1 cells) or modified Dulbecco's modified Eagle's medium (DMEM) that was depleted of FBS, to induce a stressor for EV release. As a control, HL-1 cells and SVECs were subjected to normoxia instead.

After 24 hours, conditioned medium was then collected and subjected to lEV and sEV isolation as described in the Materials and Methods. EVs were then labelled with Lipilight (APC) probes. Splenocytes were isolated from control mice that underwent MI procedures and were co-treated with normoxic or hypoxic cardiomyocyte-or endothelial cell-derived lEVs for 12 hours at a ratio of 10 10 6 EVs to 1 10 6 splenocytes. Cells were then collected posttreatment, labelled with the previously described antibodies and analysed by flow cytometry to observe APC+ cells indicative of EV uptake as per gating strategies below (Fig. 60). 

Figure 61: In vitro biodistribution of APC+ cardiomyocyte-and endothelial cell-derived lEVs on splenic cells of control mice 24 hours post-MI. Percentage (%) of APC+ cells in each splenic subpopulation when (A) normoxic or hypoxic cardiomyocytederived or (B) normoxic or hypoxic endothelial cell-derived APC+ lEVs were co-cultured with splenocytes from MI mice. APC+ cells were indicative of cells that have taken up lEVs. (C) Relative uptake of APC+ lEVs by splenic cell subpopulations (Hypoxic APC+ lEV percentage uptake/Normoxic APC+ lEV percentage uptake) Data is expressed as mean ± SEM. n=2.

Flow cytometry analysis revealed that hypoxic cardiomyocyte-derived lEVs were preferentially taken up by splenic cells compared to normoxic lEVs (Fig. 61A). However, hypoxia did not result in an increase in the uptake of endothelial cell-derived lEVs compared to normoxia (Fig. 61B). The relative uptake of APC+ lEVs was analysed by taking the ratio of the percentage uptake of hypoxic lEVs to the percentage uptake of normoxic lEVs and this revealed that in the hypoxic environment, only cardiomyocyte-derived lEVs were preferentially taken up by splenic cells of control mice 24 hours post-MI (Fig. 61C). This further validates utilising only cardiomyocyte-derived EVs moving forward. 

RESULTS

Splenocytes were isolated from control or diabetic mice that underwent MI or sham procedures and were co-treated with normoxic or hypoxic cardiomyocyte-derived lEVs and sEVs for 12 hours at a ratio of 10 10 6 EVs to 1 10 6 splenocytes. Flow cytometry analysis was performed as previously described.

Figure 62: In vitro biodistribution of APC+ cardiomyocyte-derived lEVs on splenic cells of diabetic or control mice 24 hours post-MI or sham procedures. Percentage (%) of APC+ cells in each splenic subpopulation when normoxic or hypoxic cardiomyocytederived APC+ lEVs were co-cultured with splenocytes from either (A) control sham, (B) control MI, (C) diabetic sham or (D) diabetic MI mice. APC+ cells were indicative of cells that have taken up lEVs. Data is expressed as mean ± SEM. n=5.

When we subject splenocytes from control or diabetic mice subjected to MI or sham procedures, APC+ lEVs were mostly taken up by CD11b lo /Ly6c + /Ly6G -/F4/80 hi splenic red pulp macrophages. The next two major splenic subpopulations that were found to be APC+ following red pulp macrophages are either CD11b + /Ly6c -/ Ly6G + /F4/80 lo non-red pulp macrophages or CD11b + /Ly6c + /CD11c + dendritic cells (Fig. 61). When splenocytes were stimulated by cardiomyocyte-derived sEVs instead, similarly, APC+ sEVs were also mostly taken up by CD11b lo /Ly6c + /Ly6G -/F4/80 hi splenic red pulp macrophages followed by either CD11b + /Ly6c -/ Ly6G + /F4/80 lo non-red pulp macrophages or CD11b + /Ly6c + /CD11c + dendritic cells (Fig. 62). However, the percentage of cells that take up these APC+ sEVs were drastically lower when compared to APC+ lEVs, showing a preferential Comparing the uptake of APC+ normoxic cardiomyocyte-derived lEVs between splenocytes from control and diabetic MI mice, diabetes resulted in no increase of EV uptake in red pulp and non-red pulp macrophages, monocytes as well as dendritic cells 24 hours post-MI. Interestingly, this increase is found to be significant in non-red pulp macrophages and dendritic cells when the splenocytes were stimulated with hypoxic lEVs instead. A trend of increase was observed in APC+ monocytes and red pulp macrophages in splenocytes of diabetic MI mice as compared to control MI mice (Fig. 63). Correspondingly, the same trend of increase can be seen in the uptake of either APC+ normoxic or hypoxic cardiomyocyte-derived sEVs in splenocytes from diabetic MI mice as compared to control MI mice by macrophages, monocytes and dendritic cells 24 hours post-MI. A significant increase in monocytes was observed when the splenocytes were stimulated with hypoxic lEVs instead. Our results thus show that diabetes, in an MI setting, increases the preferential uptake of ischemic cardiomyocyte-derived lEVs by splenic myeloid cells (with the majority being macrophages) as compared to other splenic subpopulations (Fig. 65).

Furthermore, as mentioned previously, uptake of lEVs is still preferred by splenic cells over sEVs. When comparing this data to control animals, the intracardiac release of lEVs at 24 hours post-MI were found to be significantly higher (from 5.9 to 10. 3 10 6 EVs/milligram of tissue).

Here, we report for the first time that diabetic hearts release EVs within the heart itself when subjected to myocardial infarction. This is a novel addition to what our lab has previously demonstrated where the infarcted murine heart releases intracardiac EVs, which was also never evidenced prior (Loyer et al. 2018). Our group presented that in non-diabetic mice, the peak of intracardiac release of both lEVs and sEVs was at 15-24 hours post-MI when compared to sham animals. This supports our observation on the kinetic profile of our control cohort as mentioned earlier, despite the difference of age in mice where Loyer et al. utilised 8-week old mice and us, 5-month old mice. However, at 24 hours post-MI, the concentration of lEV intracardiac release observed by Loyer et al.in young mice was 3-fold more than what we have reported in older mice. There were no differences in the levels of sEV release at this timepoint, but it should be noted that the sEV isolation methods applied were not the same (exosome precipitation in young mice vs. ultracentrifugation in old mice) and therefore cannot be compared in its entirety. Age, therefore, does not seem to affect the time-point at which the temporal peak of intracardiac EVs are released, but does influence the concentration of intracardiac lEV release at 24 hours post-MI.

Apart from these findings, no other known in vivo data is currently available in the context of intracardiac EVs post-MI. Indeed, current data mostly focuses on in vitro studies.

The group of Gupta and Knowlton in 2007 was the first that demonstrated the release of cardiac-specific exosomes by rat cardiomyocytes that were increased in a hypoxic setting [START_REF] Gupta | HSP60 Trafficking in Adult Cardiac Myocytes: Role of the Exosomal Pathway[END_REF]. Since then, groups such as Waldenström et al. and Gennebäck et al. followed suit by investigating cardiomyocyte-derived EVs in an in vitro manner. However, the limitations of these studies in exploring myocardial infarction is that cardiomyocytes are not the only cell type found in the heart, albeit that they are the majority of cell constituents in the heart. Endothelial cells, for example, were found to be the next largest cell population in the heart [START_REF] Pinto | Revisiting Cardiac Cellular Composition[END_REF]). Of note, all studies involved cell culture performed under high glucose.

In studies involving diabetes, specifically T2D and EVs, no data is currently available on the modulation of intracardiac release of EVs within the heart. Looking at studies focusing on the in vitro setting, Wang et al. isolated exosomes derived from culture of Goto-Kakizaki rat or normal Wistar rat cardiomyocytes and concluded that the former resulted in a decreased secretion of exosomes compared to the latter by measuring exosome acetylcholinerase activity [START_REF] Wang | Cardiomyocytes Mediate Anti-Angiogenesis in Type 2 Diabetic Rats through the Exosomal Transfer of MiR-320 into Endothelial Cells[END_REF]. Inversely, another study demonstrated that treatment of H9C2 rat cardiomyoblast cell line with glucose-deprived medium led to an increase in exosome acetylcholinesterase activity, signifying an increase in exosome secretion compared to treatment with glucose-replete medium [START_REF] Garcia | Glucose Starvation in Cardiomyocytes Enhances Exosome Secretion and Promotes Angiogenesis in Endothelial Cells[END_REF].

When comparing mode diameter sizes, intracardiac lEVs were found to possess a diameter size that is significantly larger than those of sEVs. This is in line with what was observed by our lab previously (Loyer et al. 2018). Diabetes does not seem to alter the diameter size of neither intracardiac lEVs nor sEVs with and without the presence of MI when compared to corresponding control groups. Similarly, when taking into account rat cardiomyocyte-derived exosomes only in the context of diabetes, no difference in diameter size was reported between diabetic and control rat cardiomyocyte-derived exosomes [START_REF] Wang | Cardiomyocytes Mediate Anti-Angiogenesis in Type 2 Diabetic Rats through the Exosomal Transfer of MiR-320 into Endothelial Cells[END_REF]. Alternatively, we cannot exclude the possibility that putative newly formed sEVs in diabetic mice after myocardial infarction swiftly leave the infarcted myocardium to reach the circulation and remote organs and do not accumulate in the infarcted heart.

Here, we therefore report that (1) diabetes transiently increases intracardiac lEV levels in a murine model of MI 24 hours post-ligation, (2) these lEV levels were significantly augmented when compared to control animals post-MI and lastly, (3) diabetes does not induce the release of intracardiac sEVs at the defined stipulated time-points (15-,24-, 48-, 72hours) post-MI.

Determination of Cell Origin of Intracardiac Extracellular Vesicles Post-Myocardial

Infarction in the Diabetic Heart

By utilising flow cytometry analysis, our lab reported that the lEVs were mainly of cardiomyocyte (caveolin-3+), endothelial cell (CD31+CD41) and fibroblast (CD90.2+) origin.

Only a small population of lEVs were of leukocyte origin (CD45+) and there were undetectable levels of platelet-derived (CD41+) or erythrocyte-derived (TER119+) lEVs. 24 hours post-MI, the group also observed that there was a significant increase in cardiomyocyte-derived and endothelial cell-derived lEVs as compared to sham. lEVs were shown to be annexin V+ indicating that they harbour outer leaflet membranal PS on their surface and hence attesting to their microvesicle nature as per recommendations of MISEV 2018. Western blot analysis revealed that sEVs were indeed expressing cardiac troponin T as well exosomal tetraspanin markers CD9 and CD63 (Loyer et al. 2018).

For the investigation of determining the parent cell origin of intracardiac lEVs deriving from either control or diabetic mice subjected to 24 hours of MI (corresponding shams as control), we have decided to apply the same panel of antibodies as the ones used by Loyer et al in 2018. A brief description of the markers is therefore warranted as justification for our decision. Cardiomyocyte-derived lEVs are defined as being caveolin-3+. Caveolae are formed by invaginations of the plasma membrane of a variety of cells, serving as lipid rafts [START_REF] Nixon | Caveolin-1 Is Required for Lateral Line Neuromast and Notochord Development[END_REF]. Being structurally important to the integrity of caveolae, caveolins play a role as scaffolding proteins that accumulate lipids in the caveolar membranes. There are three types of caveolins: caveolin 1, caveolin2 and caveolin 3 [START_REF] Tang | Molecular Cloning of Caveolin-3, a Novel Member of the Caveolin Gene Family Expressed Predominantly in Muscle[END_REF]. Located in striated muscles including cardiac and skeletal muscle, caveolin 3 has also been shown to be endogenously expressed in cardiac myocytes [START_REF] Song | Expression of Caveolin-3 in Skeletal, Cardiac, and Smooth Muscle Cells. Caveolin-3 Is a Component of the Sarcolemma and Co-Fractionates with Dystrophin and Dystrophin-Associated Glycoproteins[END_REF]. As there is absence of skeletal muscle in the heart and as caveolin 3 is located on the cell membrane, anti-caveolin 3 was chosen to define lEVs of cardiomyocyte origin. Furthermore, it was shown that caveolin-3 labelling was positive on cardiomyocyte vesicles [START_REF] Waldenström | Cardiomyocyte Microvesicles Contain DNA/RNA and Convey Biological Messages to Target Cells[END_REF]. Platelet-endothelial cell adhesion molecule PECAM-1 or CD31, is found on endothelial cells [START_REF] Newman | The Biology of PECAM-1[END_REF]) specifically restricted to cell to cell borders of confluent monolayers as well as lumen-facing areas of vessels [START_REF] Ilan | PECAM-1 (CD31) Functions as a Reservoir for and a Modulator of Tyrosine-Phosphorylated Beta-Catenin[END_REF]). However, it is important to note that CD31 is not exclusively expressed on endothelial cells. They can also be expressed on activated platelets [START_REF] Duperray | Biosynthesis and Assembly of Platelet GPIIb-IIIa in Human Megakaryocytes: Evidence That Assembly between pro-GPIIb and GPIIIa Is a Prerequisite for Expression of the Complex on the Cell Surface[END_REF]). As platelets and activated platelets also carry CD41, it is therefore imperative that here, endothelial cells, and consequentially their EVs be defined as CD31+/CD41- [START_REF] Leroyer | Microparticles from Ischemic Muscle Promotes Postnatal Vasculogenesis[END_REF]. Presence of CD31+/CD41-endothelial cell derived EVs were also observed by Leroyer et al. and Loyer et al. by flow cytometry.

When detecting a possible disruption in the lining of blood vessels, platelets are involved in the formation of blood clots to stop the bleeding. In the context of myocardial infarction due to plaque ruptures, platelets are activated to the site of rupture and form clots, resulting in an obstruction of blood flow and consequently, ischaemia. CD41, also known as integrin alpha-IIb, is a heterodimer comprising of a single disulphide bond linking a heavy αchain and a light β-chain. It plays an important role in clot formation of platelets as well as in platelet adhesion to blood vessels. As described earlier, CD41 is found on platelets and activated platelets and this holds true for their EVs as studies have shown [START_REF] Fendl | Differential Interaction of Platelet-Derived Extracellular Vesicles With Circulating Immune Cells: Roles of TAM Receptors, CD11b, and Phosphatidylserine[END_REF]).

CD90 or Thy-1 was initially discovered as a thymocyte antigen. It is glycophosphatidylinositol (GPI) anchored glycoprotein consisting of a single Ig domain and is found present on both fibroblasts [START_REF] Saada | Subepithelial Myofibroblasts Are Novel Nonprofessional APCs in the Human Colonic Mucosa[END_REF]) and cardiomyofibroblasts [START_REF] Moore-Morris | Resident Fibroblast Lineages Mediate Pressure Overload-Induced Cardiac Fibrosis[END_REF]. While CD90 is expressed by humans, a difference in one amino acid results in the expression in CD90.2 in C57BL6 mice. Presence of CD90 was also observed on shed vesicles of parental fibroblasts [START_REF] Bradley | Effect of the GPI Anchor of Human Thy-1 on Antibody Recognition and Function[END_REF].

Even though the vessels of left ventricles were flushed thoroughly with ice-cold PBS before harvesting for EV isolation, there would still be residual blood in the LAD post-ligation as blood flow is discontinued to the infarcted tissue which imposes stress to the red blood cells (RBCs). This thus promotes the formation of EVs [START_REF] Larson | Circulating Membrane-Derived Microvesicles in Redox Biology[END_REF]). An elevation in circulating erythrocyte derived EVs have also been observed in the context of myocardial infarction [START_REF] Giannopoulos | Red Blood Cell and Platelet Microparticles in Myocardial Infarction Patients Treated with Primary Angioplasty[END_REF]. TER-119 antibody is a monoclonal antibody that was first investigated by [START_REF] Ikuta | A Developmental Switch in Thymic Lymphocyte Maturation Potential Occurs at the Level of Hematopoietic Stem Cells[END_REF] and was later demonstrated to have a high affinity for murine erythrocytes from early proerythroblast to mature erythrocytes, possessing an association with glycophorin A [START_REF] Kina | The Monoclonal Antibody TER-119 Recognizes a Molecule Associated with Glycophorin A and Specifically Marks the Late Stages of Murine Erythroid Lineage[END_REF]. Hence, anti-TER119 was used to detect erythrocyte derived lEVs. As described earlier, there is a plethora of leukocytes infiltrating the ischemic tissue and peaking at different time-points post-MI. These include neutrophils, Tand B-lymphocytes, monocytes and macrophages. Neutrophils are the first population of leukocytes to infiltrate the damaged myocardium within hours of ischemic insult [START_REF] Frangogiannis | Regulation of the Inflammatory Response in Cardiac Repair[END_REF]). Here, they engulf antigens and then start to die as glycogen reserves are depleted. There is then exocytosis of granular contents and classical apoptosis follows soon after [START_REF] Libby | Fanning the Flames: Inflammation in Cardiovascular Diseases[END_REF]. Vesiculation occurs when cells undergo stress or are dying. Being a glycoprotein, CD45 is exclusively expressed on cells of haematopoietic lineage except mature erythrocytes [START_REF] Nakano | Expression of Leukocyte Common Antigen (CD45) on Various Human Leukemia/Lymphoma Cell Lines[END_REF]). Therefore, anti-CD45 was used to detect leukocyte derived lEVs.

By applying the same panel of afore-mentioned antibodies in flow cytometry analysis, we investigated the presence of cardiomyocyte-, endothelial cell-, platelet-, fibroblast-, leukocyte-and erythrocyte-derived intracardiac lEVs deriving from either control or diabetic mice subjected to 24 hours of MI with their corresponding shams as control. Annexin V labelling was also performed to attest to the microvesicular nature of these lEVs. Here, we demonstrated that in both control and diabetic mice, the majority of the lEVs are originating from cardiomyocytes followed by endothelial cells as well as fibroblasts. The fact that the 3 major parent cell types of intracardiac lEVs of control MI mice were identical to what was reported by Loyer et al. shows that the age of the mice does not affect the cell origin profile of intracardiac lEVs. The calcium dependent annexin V+ labelling of intracardiac lEVs demonstrated that our lEVs do indeed harbour microvesicle characteristics [START_REF] Boulanger | Extracellular Vesicles in Coronary Artery Disease[END_REF]). We also observed the presence of annexin V+caveolin-3+ double-labelled lEVs, suggesting that the cardiomyocyte-derived lEVs are indeed extracellular vesicles. Furthermore the 95%±1 loss of positive labelling of both annexin-V and caveolin-3 when treated with Triton showed labelling sensitivity on lEVs.

Corroborating our TRPS measurements of intracardiac lEVs, we report here that 24 hours post-MI, there is a significant increase in the release of intracardiac annexin v+ lEVs as compared to sham animals in control mice. However for diabetic mice, the increase in intracardiac annexin V+ lEVs in MI mice compared to corresponding sham mice was not significant. Interestingly, there is no difference in the release of lEVs between control and diabetic mice in an MI setting. This does not seem to tally with our TRPS measurements which evidenced a 2-fold significant increase of intracardiac lEV release in diabetic MI mice compared to control MI mice. A possible explanation for this confounding result could be attributed to the availability of PS expression on the surface of these lEVs. By investigating circulating microvesicles derived from diabetic or healthy patients by flow cytometry, Bergen and colleagues have shown that there is a significant increase of total microvesicle count in diabetic patients than in healthy patients. By using lactadherin to detect PS expression, the group surprisingly observed that most of these increased levels of microvesicles among diabetic patients mainly comprised PS-microvesicles. To support this data, the authors also observed that diabetic patients had higher levels of endogenous lactadherin that can therefore bind to available outer leaflet membranal PS on the microvesicles [START_REF] Bergen | Phosphatidylserine Expressing Microvesicles in Relation to Microvascular Complications in Type 1 Diabetes[END_REF]. Another possible explanation is that the lEVs released within the heart may not have the same microvesicle characteristics of lEVs derived from control animals. lEVs cannot be simplified as being composed of only microvesicles as described earlier and therefore must not be assumed to undergo the same biogenesis pathway i.e. membrane blebbing.

In terms of defining the cellular origin of the lEVs, we observed that in the control animals, MI significantly increased the release of cardiomyocyte-derived lEVs by two-fold when compared to sham. However, unlike previous findings, we do not observe a significant augmentation of endothelial cell-derived lEVs. Interestingly, diabetes results only in a trend of increase in the release of cardiomyocyte-derived EVs but a significant two-fold increase in endothelial-cell derived lEVs. Delving further, it was interestingly observed that there was no change in the release of cardiomyocyte-derived EVs in diabetic MI mice as compared to control MI mice.

The relatively lower levels of intracardiac cardiomyocyte-derived lEVs could be explained by the presence of caveolin-3. Till date, there have been several studies that demonstrate the association of T2D with caveolin-3 anomalies. These defects were first explored by Oshikawa et al., observing that caveolin-3 absence resulted in the development of insulin resistance where there is a decline in skeletal muscle glucose uptake. In Cav3KO mice, pancreatic insulin secretion was unaltered while insulin signalling was impaired in the muscle, suggesting the role of caveolin-3 in stimulating insulin signalling at the level of insulin receptors [START_REF] Oshikawa | Insulin Resistance in Skeletal Muscles of Caveolin-3-Null Mice[END_REF]). Another group showed that insulin stimulated systemic glycogenesis and glucose uptake were deteriorated in Cav3KO mice when compared to WT mice, implying the importance of caveolin-3 in blood glucose homeostasis in the organism [START_REF] Capozza | Caveolin-3 Knockout Mice Show Increased Adiposity and Whole Body Insulin Resistance, with Ligand-Induced Insulin Receptor Instability in Skeletal Muscle[END_REF].

Shifting focus to the cardiac muscle, diabetic mice have been shown by the group of Even though no loss was reported on the plasma membrane, it could still provide an explanation for the loss of caveolin-3+ intracardiac lEVs if we do not assume that all lEVs are secreted by membrane blebbing. Furthermore, the group also observed a loss in caveolin-3 in cardiac samples of obese patients with cardiomyopathy by immunohistochemistry as compared to either healthy or non-obese patients with cardiomyopathy supporting the association of hyperlipidaemia and caveolin-3 loss [START_REF] Knowles | Palmitate Diet-Induced Loss of Cardiac Caveolin-3: A Novel Mechanism for Lipid-Induced Contractile Dysfunction[END_REF]. When Cav3 +/-mice were fed with HFD for 12 weeks, another group observed that there was an adverse effect on cardiac output and ejection fraction, supporting the importance of caveolin-3 in regulating cardiac glucose metabolism. In the presence of insulin, it was also demonstrated that caveolin-3 and IR indeed interact by forming complexes as shown by coimmunoprecipitation experiments in HL-1 cells. In addition to that, when caveolin-3 was knocked down in HL-1 cells by CAV3 siRNA, insulin-stimulated glucose uptake was abolished when compared to scrambled siRNA control cells [START_REF] Talukder | Heterozygous Caveolin-3 Mice Show Increased Susceptibility to Palmitate-Induced Insulin Resistance[END_REF]. Taken together, the evidenced association between caveolin-3 and T2D may provide a probable explanation for the non-pronounced release of our caveolin-3+ intracardiac lEVs. Indeed cardiac troponin would have been a more specific marker for the detection of cardiomyocyte-derived lEVs, however due to the cytosolic nature of cardiac troponin [START_REF] Agewall | Troponin Elevation in Coronary vs. Non-Coronary Disease[END_REF], it posed complications when lEV permeabilisation was attempted by flow cytometry analysis.

The significant increase in the release of intracardiac endothelial-cell derived lEVs in the diabetic murine heart was demonstrated as compared to control hearts post-MI. In patients with T2D, metabolic dysfunction is known to contribute to the development of atherosclerotic diseases by aggravating and accelerating the underlying pathological mechanisms [START_REF] Bornfeldt | Insulin Resistance, Hyperglycemia, and Atherosclerosis[END_REF]. This is resulting from the chronic pro-inflammatory activation of the vascular endothelium, promoting both platelet adhesion as well as recruitment of circulating neutrophils and monocytes which migrate in a trans-endothelial manner, stimulating plaque expansion [START_REF] Galkina | Immune and Inflammatory Mechanisms of Atherosclerosis (*)[END_REF]. Endothelial cell-derived EVs have been reported as mediators and markers of vascular dysfunction. A variety of vascular diseases in patients, in particular atherosclerosis and T2D, have been reported to increase the release of circulating endothelial cell-derived EVs [START_REF] Koga | Elevated Levels of VE-Cadherin-Positive Endothelial Microparticles in Patients with Type 2 Diabetes Mellitus and Coronary Artery Disease[END_REF]) [START_REF] Tramontano | Circulating Endothelial Microparticles in Diabetes Mellitus[END_REF]).

These EVs have been suggested to play an active part in advancement of atherogenesis in the course of lesion initiation to progression [START_REF] Aurelian | Microvesicles -Potential Biomarkers for the Interrelations Atherosclerosis/Type 2 Diabetes Mellitus[END_REF]. In support of these findings, our team has also previously demonstrated that in sustained atheroprone-like low shear stress conditions, endothelial cells augment the release of microvesicles [START_REF] Vion | Shear Stress Regulates Endothelial Microparticle Release[END_REF].

Injured cells release extracellular vesicles and endothelial cells are no exception.

Plaque ruptures with thrombus formation are known to be able to result in the development of acute MI [START_REF] Bentzon | Mechanisms of Plaque Formation and Rupture[END_REF]. Patients with acute coronary syndrome have been reported

by Mallat et al. to have increased levels of circulating endothelial cell-derived microparticles [START_REF] Mallat | Elevated Levels of Shed Membrane Microparticles with Procoagulant Potential in the Peripheral Circulating Blood of Patients with Acute Coronary Syndromes[END_REF]. Similarly, another group also observed a significant influx of circulating endothelial cell-derived microparticles in STEMI patients that were treated with PCI within 24 hours of symptom onset [START_REF] Morel | Cellular Mechanisms Underlying the Formation of Circulating Microparticles[END_REF]. This holds true in a mouse model of MI as well

where not only circulating endothelial cell-derived EVs were significantly increased compared to controls [START_REF] Akbar | Endothelium-Derived Extracellular Vesicles Promote Splenic Monocyte Mobilization in Myocardial Infarction[END_REF]), but more importantly in the infarcted heart as well 24 hours post-ligation as shown by our lab previously. There is no known literature currently that encompasses both diabetes and myocardial infarction in terms of the release of endothelial cell-derived EVs relative to controls neither in humans nor in mice.

To conclude, our findings thus reveal that (1) cardiomyocytes and endothelial cells are the major cell types that release lEVs within the heart 24 hours post-MI in both diabetic mice as well as control mice. Dissecting our results further, we have also observed that ( 2) levels of cardiomyocyte-derived lEVs are significantly increased only in control mice whereas (3) in diabetic mice, endothelial cell-derived lEVs are significantly increased post-MI. This highlights the possibility that the governing mechanisms of EVs deriving from different types of cells are different in diabetes.

Modulation of Type II Diabetes on the miRNA Content of Intracardiac Extracellular Vesicles Post-Myocardial Infarction

In the present work, we have unravelled that T2D resulted in a downregulation of miR-146a-5p and miR-503-5p and an upregulation of miR-378a-5p in intracardiac lEVs 24 hourspost MI compared to control MI mice. In intracardiac sEVs, only the upregulation of miR-378a-5p was observed. Dysregulation of these miRNAs were not evidenced when comparing MI mice with sham mice in neither control animals nor diabetic animals, regardless of EV subtypes. This therefore suggests that the observed dysregulation of said miRNAs was a direct result of diabetes in the context of MI.

In STEMI patients, serum miR-146a-5p was found to be downregulated 24 hours in ICU admission compared to healthy controls [START_REF] Bukauskas | Value of Serum MiR-23a, MiR-30d, and MiR-146a Biomarkers in ST-Elevation Myocardial Infarction[END_REF]. In an ischaemia/reperfusion mouse model, miR-146a-5p was not found to be upregulated in the circulation but in the heart tissue 24 hours post-MI as compared to sham [START_REF] Danielson | Plasma Circulating Extracellular RNAs in Left Ventricular Remodeling Post-Myocardial Infarction[END_REF]. miR-146a targets TRAF1 and IRAK1 by attenuating NFκB activation in cardiovascular diseases and is therefore cardioprotective [START_REF] Wang | Increased Expression of MicroRNA-146a Decreases Myocardial Ischaemia/Reperfusion Injury[END_REF]. In primary mouse cardiomyocytes that were transfected with miR-146a, cell viability was increased but not as pronounced as co-transfection with miR-21, suggesting that miRNAs can act synergistically resulting in an augmented potential of their biological effects. miR-146a decreased infarct size and improved cardiac function in vivo by inhibiting cardiomyocyte apoptosis via the miR-146a-TRAF6-p-p38-caspase-3 signalling pathway [START_REF] Huang | Combination of MicroRNA-21 and MicroRNA-146a Attenuates Cardiac Dysfunction and Apoptosis During Acute Myocardial Infarction in Mice[END_REF]. Conversely, mature miR-146a-5p when used in vitro or in vivo, led to a pro-inflammatory effect such as cytokine and complement production and immune cell activation. 4 hours after ischaemia/reperfusion (I/R), there was an increase in plasma miR-146a-5p in a mouse MI model. Co-culture with macrophages and cardiomyocytes led to the release of pro-inflammatory cytokines MIP2, TNFα and IL-6 which was abolished in TLR7 deficient cells or by a TLR7 antagonist. When injected in mice, miR-146a-5p led to a marked neutrophil and monocyte migration which was attenuated in TLR7KO mice, suggesting proinflammatory properties of mIR-146a-5p, inducing cytokine activation via TLR7 signalling (Y. [START_REF] Feng | Extracellular MiRNAs Induce Potent Innate Immune Responses via TLR7/MyD88-Dependent Mechanisms[END_REF]. In agreement with these findings, conditioned media from miR-146atreated macrophages stimulated proinflammatory cytokine production in adult cardiomyocytes and significantly inhibited their sarcomere shortening. The group also found that the conditioned media from miR-146a-treated cardiac fibroblasts or cardiomyocytes impaired the barrier function of coronary artery endothelial cells. Taken together, these data demonstrate that extracellular miR-146a-5p activates multiple cardiac cells and induces myocardial inflammation and cardiomyocyte dysfunction via intercellular interaction and innate immune TLR7 nucleic acid sensing [START_REF] Shimada | Extracellular MiR-146a-5p Induces Cardiac Innate Immune Response and Cardiomyocyte Dysfunction[END_REF].

Cardiosphere-derived cells (CDC) have been demonstrated to stimulate the regeneration of infarcted heart, once thought to be irreversible. Decrease of scar size and growth of new functional myocardium has been shown in humans, showing the release of EVs that are enriched in miR-146a [START_REF] Makkar | Intracoronary Cardiosphere-Derived Cells for Heart Regeneration after Myocardial Infarction (CADUCEUS): A Prospective, Randomised Phase 1 Trial[END_REF] as well as in animal models [START_REF] Kreke | Cardiospheres and Cardiosphere-Derived Cells as Therapeutic Agents Following Myocardial Infarction[END_REF]). The group of Ibrahim et al. observed that miR-146a enriched CDC-derived exosomes induced similar beneficial effects. When used alone, miR-146a does not reproduce all of the beneficial effects as CDC-derived exosomes. Treating hearts with miR-146a in a chronic model of MI (after the scar is permanent) does reproduce the increase in viable mass that is signature of therapeutic regeneration but fails to mimic two key beneficial effects of CDC exosomes: decreased scar mass and improved global function. The increase in viable myocardium does not suffice to increase function, possibly because of inadequate angiogenesis elicited by miR-146a [START_REF] Halkein | MicroRNA-146a Is a Therapeutic Target and Biomarker for Peripartum Cardiomyopathy[END_REF]). Thus, this suggests again the need of a synergistic interaction for full potential effects [START_REF] Ibrahim | Exosomes as Critical Agents of Cardiac Regeneration Triggered by Cell Therapy[END_REF]. Endothelial cells can be stimulated by an N-terminal prolactin fragment to express miR-146a and to secrete miR-146a loaded exosomes. Uptake of these exosomes by cardiomyocytes resulted in the expression of Notch1, Erbb4 and IRAK1. In a mouse model of peripartum cardiomyopathy, cardiomyocyte KO mice increased mR-146a expression, downregulating Notch1, Erbb4 and IRAK1 while antagomir-146a reversed this effect. This suggests the important messenger role in the development of peripartum cardiomyopathy [START_REF] Halkein | MicroRNA-146a Is a Therapeutic Target and Biomarker for Peripartum Cardiomyopathy[END_REF].

Hyperglycaemia has been implied to result in the dysregulation of the innate immunity [START_REF] Kousathana | Defective Production of Interleukin-1 Beta in Patients with Type 2 Diabetes Mellitus: Restoration by Proper Glycemic Control[END_REF]. When human aortic endothelial cells (HAECs) were treated with high glucose, IRAK-1 mRNA and protein levels are shown to be augmented alongside increased monocyte adhesion and VCAM-1/ICAM-1 gene expression. However, it was found that there was a downregulation of miR-146a-5p in the cells, implying hampered feedback restraints on high glucose-induced endothelial inflammation. Conversely, the transfection of miR-146a-5p mimic diminished IRAK-1 expression consequentially resulting in the decrease of monocyte adhesion and VCAM-1/ICAM-1 gene expression. This suggests that high glucose-induced endothelial inflammation is regulated at least in part by IRAK-1. Furthermore, in vivo studies performed by the group revealed that IV injections of miR-146a-5p mimic hampered ICAM-1 and IRAK-1 expression in diabetic mice [START_REF] Lo | MicroRNA-146a-5p Mediates High Glucose-Induced Endothelial Inflammation via Targeting Interleukin-1 Receptor-Associated Kinase 1 Expression[END_REF]. Another group observed in T2D patients, that along with other miRNAs such as miR-16-5p and miR-145-5p, miR-146a-5p was significantly increased as compared to control patients in adipocyte-derived stem cells.

Overexpression of these miRNA was demonstrated to result in the hampering of cell proliferation. Interestingly, isolated adipocyte-derived stem cell-derived EVs also harboured a similar correlation where there is higher expression of miR-146a-5p in EVs derived from T2D patients as opposed to healthy controls [START_REF] Alberti | Adipose-Derived Mesenchymal Stem Cells Isolated from Patients with Type 2 Diabetes Show Reduced 'Stemness' through an Altered Secretome Profile, Impaired Anti-Oxidative Protection, and Mitochondrial Dynamics Deterioration[END_REF].

Indeed, the reported biological effects of miR-146a-5p are conflicting in the literature. which had a marked increase in T1D mice. In diabetic patients with limb ischaemia, an enrichment of expression of miR-503 was also observed in both ischaemic muscles as well as in the circulation. Further investigation revealed that miR-503 downregulates cdc25 expression in limb tissues of diabetic patients, indicating the potential of miR-503 and cdc25

as possible therapeutic targets in diabetes [START_REF] Caporali | Deregulation of MicroRNA-503 Contributes to Diabetes Mellitus-Induced Impairment of Endothelial Function and Reparative Angiogenesis after Limb Ischemia[END_REF]. In agreement, one other group has also observed the upregulation of expression of miR-503 and miR-320 in myocardial endothelial cells derived from Goto-Kakizaki diabetic rats. However, in vitro investigation revealed that only miR-320 adversely affected angiogenesis [START_REF] Wang | MicroRNA-320 EXPRESSION IN MYOCARDIAL MICROVASCULAR ENDOTHELIAL CELLS AND ITS RELATIONSHIP WITH INSULIN-LIKE GROWTH FACTOR-1 IN TYPE 2 DIABETIC RATS[END_REF].

Diabetes disrupts the crosstalk between endothelial cells and pericytes in the microvasculature which is imperative for microvasculature permeability and stabilisation as well as angiogenesis promotion [START_REF] Annika | Endothelial/Pericyte Interactions[END_REF]. Endothelial cells that were treated with high glucose raises the p75 neurotrophin receptor (p75 NTR ) expression compared to control cells. This increase of p75 NTR then activates the transcription of miR-503 by activating NF-κB that binds to the miR-503 promoter thereby increasing miR-503 expression in endothelial cells. NF-κB was also observed to promote the activation of ROCK and shedding of miR-503 loaded endothelial-cell derived microparticles, transferring content to vascular pericytes in an integrin-regulated manner. miR-503 increase in recipient pericytes abated the expression of VEGFA and EFNB2, causing a deleterious effect on proliferation and migration. This was confirmed in vivo in diabetic mice where the decline of pericyte coverage of capillaries, the dampening of post-ischaemic angiogenesis in limb muscles and the increase of vascular permeability are observed resulting from endothelial-cell derived miR-503 [START_REF] Caporali | P75(NTR)-Dependent Activation of NF-ΚB Regulates MicroRNA-503 Transcription and Pericyte-Endothelial Crosstalk in Diabetes after Limb Ischaemia[END_REF].

Taken together, it is suggested that miR-503 tends to elicit a detrimental affect collectively in the context of diabetes and ischaemia. However, our findings demonstrate that miR-503-5p is downregulated in the intracardiac lEVs derived from the diabetic heart post-MI as compared to the non-diabetic heart.

With regards to the cardiovascular system, not much has been reported about the involvement of miR-378a-5p. However, the opposite strand, miR-378a-3p or simply miR-378 was evidenced to be significantly downregulated in infarcted rat heart tissue 4 hours postligation and this was also observed in vitro in hypoxic H9C2 cardiomyocytes. Overexpression of miR-378 reduced lactate dehydrogenase, increased cell viability and reduced apoptosis of cells. Inversely, miRNA inhibition augmented hypoxia-induced apoptosis. Being found to be direct target of miR-378, caspase-3 expression was reduced, resulting in an elevation of ischaemic cardiomyocyte injury [START_REF] Fang | Overexpression of MicroRNA-378 Attenuates Ischemia-Induced Apoptosis by Inhibiting Caspase-3 Expression in Cardiac Myocytes[END_REF]. The beneficial biological effects on the heart were also observed by Ganesan et al. who demonstrated that miR-378 elicited an antihypertrophic effect in the heart. Discovering that there is a downregulation of miR-378 in a mouse TAC model, its restoration by AAV9-miR-378 partially prevented LV hypertrophy. The group also identified 4 components of the mitogen-activated protein kinase (MAPK) pathway in cardiomyocytes in which miR-378 regulates. The components are MAPK1, growth factor receptor-bound protein (GRB)2, kinase suppressor of Ras (KSR)1 and insulin-like growth factor receptor (IGF1R), where RNA interference circumvented the prohypertrophic effect of anti-miR-378 (Ganesan [START_REF] Jayavarshni | MiR-378 Controls Cardiac Hypertrophy by Combined Repression of Mitogen-Activated Protein Kinase Pathway Factors[END_REF]). On the other hand, the group of Knezevic et al.

observed an abundance of miR-378 in cardiomyocytes where overexpression of the miRNA led to increased apoptosis. IGF1R is revealed to be involved in cascade signalling. Surprisingly, IGF1 was found to inhibit miR-378, demonstrating a negative feedback loop between IGF1, its receptor IGF1R and miR-378 [START_REF] Knezevic | A Novel Cardiomyocyte-Enriched MicroRNA, MiR-378, Targets Insulin-like Growth Factor 1 Receptor: Implications in Postnatal Cardiac Remodeling and Cell Survival[END_REF].

A study by Carrer et al. demonstrated that the peroxisome proliferator-activated receptor γ coactivator 1β (PGC-1β) gene encodes 2 miRNAs -miR-378a-3p and -378a-5p, which counteract PGC-1β, a transcriptional co-activator, governing mitochondrial biogenesis and metabolism via activation of other transcription factors and nuclear hormone receptors [START_REF] Handschin | Peroxisome Proliferator-Activated Receptor γ Coactivator 1 Coactivators, Energy Homeostasis, and Metabolism[END_REF]. miR-378a-5p KO mice were found to be resistant to HFDinduced obesity and displayed increased oxidative capacity of insulin-target tissues and intensified mitochondrial fatty acid metabolism. miR-378a-5p was found to target and downregulate MED13, a constituent of the Mediator complex which coordinates nuclear receptor signalling, rendering it to be a component of metabolic stress in systemic energy homeostasis [START_REF] Carrer | Control of Mitochondrial Metabolism and Systemic Energy Homeostasis by MicroRNAs 378 and 378*[END_REF]. Another study showed that miR-378a-3p/-378a-5p induced adipogenesis and lipogenesis in adipocytes and that upregulation of the miRNAs resulted in the overexpression of lipogenic genes that encode for fatty acid synthase (FAS) and stearoyl-coA desaturase (SCD)-1. The overexpression of miR-378a-3p/-378a-5p was also found to activate GLUT4 promoter via CCAAT/enhancer-binding α (C/EBPα) as well as C/EBPβ.

However, the authors did not manage to reveal which strand was indeed responsible for these observed effects [START_REF] Gerin | Roles for MiRNA-378/378* in Adipocyte Gene Expression and Lipogenesis[END_REF]. Interestingly, C/EBPβ has recently been identified to be involved in an inflammatory pathway that encourages the expression of miR-378a. It was found that cytokines and adipokines enabled the enrichment of miR-378a expression in the adipose tissue via C/EBP and the sterol regulatory element binding factor (SREBP)

In terms of EVs, Shao et al. observed that the expression of miR-34, miR-130 and miR-378 was low in MSC-derived exosomes as well as in their parent cells compared to the expression of miR-24 and miR-29. By utilising a rat MI model, the authors injected MSCderived exosomes intramyocardially and observed the reduction of inflammation, cardiac fibrosis and the amelioration of cardiac function, that were markedly superior as compared to that of MSCs. Furthermore, treatment of rat cardiomyocytes in vitro with MSC-derived exosomes dampened apoptosis by H2O2, promoted cell proliferation and hindered myofibroblast transformation from fibroblast by TGF-β induction. However, the authors did not distinguish which strand evoked these effects and furthermore, it was impossible to deduce that these effects are a result of miR-378 alone as the downregulation of miR-34 and miR-130 and the upregulation of miR-24 and miR-29 was also observed in the MSC-derived exosomes [START_REF] Shao | MiRNA-Sequence Indicates That Mesenchymal Stem Cells and Exosomes Have Similar Mechanism to Enhance Cardiac Repair[END_REF]. Currently, no literature has been published connecting T2D or MI in the context of T2D and the expression of miR-378a-5p in EVs.

By using miRWalk v.2.0 online resource [START_REF] Sticht | MiRWalk: An Online Resource for Prediction of MicroRNA Binding Sites[END_REF] to identify target genes of miRNAs miR-146a-5p, miR-503-5p and miR-378a-5p, we discovered that only miR-146a-5p and miR-503-5p yielded validated target genes. Unfortunately, available information on the target genes of miR-378a-5p was only predictive. We compiled all validated target genes of miR-146a-5p and miR-503-5p together with the first 50 predicted target genes of miR-378a-5p and ran a search on the web accessible software DAVID v.6.8.

(Database for Annotation, Visualization and Integrated Discovery) [START_REF] Dennis | DAVID: Database for Annotation, Visualization, and Integrated Discovery[END_REF] to identify possible pathways. A threshold was set to a P-value of 0.05 significance and the query revealed a number of interesting pathways related to inflammation modulation in both diabetes and cardiovascular diseases such as the FoxO, TLR, PI3K-Akt, MAPK and NFκB signalling pathway, that have been discussed earlier in the introduction. Of interest, we also discovered 2 pathways that were associated to the heart-the adrenergic signalling in cardiomyocytes as well as HIF-1 signalling pathways. Indeed, as this data is obtained by using only predictive target genes of miR-378a-5p, we would have to be mindful of the accuracy of the generated pathways although they could shed some light on prospective target discovery and identification in the future. Further investigations are needed to elucidate the functional biological effects of EV mediated miR-146a-5p, miR-503-5p and miR-378a-5p in target cells in the context of MI and T2D.

Figure 66: Pathway analysis using validated target genes of miR-146a-5p and miR-503-5p and top 50 predicted genes of miR-378a-5p by using DAVID (v.6.8.) software. Gene targets were identified using miRWalk (Ver.2.0) software. Threshold was set at a P-value of 0.05 significance. We were also part of another collaboration that investigated another long noncoding RNA, H19 in myocardial ischaemia. Expression of H19 was found to be enriched in the acute phase of MI in a mouse model post-ligation. Similarly, hypoxic treatment on various cardiac cell types also leads to H19 upregulation. Silencing of H19 in mouse cardiomyocytes resulted in an augmented apoptosis via, in part, abated vitamin D signalling. A significant increase of pro-inflammatory cytokines was observed in the heart tissue of H19 KO mice post-ischaemia/reperfusion injury and subsequently led to aggravated cardiac hypertrophy suggesting cardiac remodelling. In vitro, a higher activation of NFκB signalling was observed in hypoxic H19 silenced HL-1 cells and using TRPS technology, our team reported that H19 silenced HL-1 cells induced a significant increase of release of lEVs in hypoxic conditions as compared to normoxic conditions.

Taken together, this demonstrates that H19 is modulated post-MI and is involved in essential molecular pathways such as inflammatory signalling as well as cardiomyocyte apoptosis [START_REF] Hobuß | Pleiotropic Cardiac Functions Controlled by Ischemia-Induced LncRNA H19[END_REF]); Publication Annex.

Modulation of Diabetes on the Target Destination of Cardiomyocyte-derived Extracellular Vesicles Post-Ischaemia

During the acute phase of MI, a prompt inflammatory response is initiated. The binding of DAMPs to PPRs on surviving cell surface surrounding cardiac injury, activates macromolecules and results in the formation of inflammasomes [START_REF] Toldo | The NLRP3 Inflammasome in Acute Myocardial Infarction[END_REF].

Apart from being constituents of inflammasomes, NLRs aid in the recruitment of pro-caspase-1 and in the activation of pro-inflammatory cytokines IL-1α, IL-1β, IL-18 as well as HMGB1 and other chemokines [START_REF] Kayagaki | Non-Canonical Inflammasome Activation Targets Caspase-11[END_REF]. Similarly, the shift in metabolic substrate towards fatty acid utilisation in T2D results in an augmentation of DAMP-associated ROS production, boosting NLRP3 expression and mediation of formation of. IL-1β and IL-18 production are associated with inflammasome stimulation and these ILs induce cardiomyocyte apoptosis and can lead to adverse cardiac remodelling [START_REF] Santiago | High Molecular Weight Fibroblast Growth Factor-2 in the Human Heart Is a Potential Target for Prevention of Cardiac Remodeling[END_REF]. Cytokines have been reported to be involved in the recruitment of a plethora of immune cells such as neutrophils, monocytes and macrophages from the bone marrow and spleen to the injured tissue [START_REF] Dinarello | Introduction to the Interleukin-1 Family of Cytokines and Receptors: Drivers of Innate Inflammation and Acquired Immunity[END_REF].

The roles of these immune cells have been described earlier in the introduction. Briefly, neutrophils are the first cell type to infiltrate the infarcted tissue, releasing proteolytic enzymes to remove matrix debris and dead cells [START_REF] Ma | Neutrophil Roles in Left Ventricular Remodeling Following Myocardial Infarction[END_REF].

Monocytes digest infarcted tissue and remove cellular debris [START_REF] Nahrendorf | The Healing Myocardium Sequentially Mobilizes Two Monocyte Subsets with Divergent and Complementary Functions[END_REF]) and can differentiate into M1 macrophages that participate in the phagocytosis of dead cell and secrete pro-inflammatory cytokines [START_REF] Martinez | Macrophage Activation and Polarization[END_REF].

Indeed, our lab has previously reported that the dominating immune cells within the heart post-MI are neutrophils that are transiently increased and begin to diminish 24 hours post-ligation and monocytes that accumulate in the first week of MI. Our lab has also reported that MI induces the intracardiac release of EVs within the infarcted tissue and that these EVs originate mainly from cardiomyocytes and endothelial cells. By exploiting cardiomyocytespecific expression of α-actin conjugated GFP mice, it was found that GFP fluorescence was preferentially found in monocytes and subsequently, co-culturing of intracardiac lEVs with monocytes were shown to increase pro-inflammatory cytokine IL-6 as well as chemokines CCL-2 and CCL-7. This shows that, for the first time, there is indeed local communication between cardiomyocyte-derived EVs and immune cells in situ (Loyer et al. 2018). Within this line of thought, we then reasoned that cardiomyocyte-derived EVs could also be involved with cellular cross talk with the immune cells in the spleen due to its role in systemic immunity [START_REF] Bronte | The Spleen in Local and Systemic Regulation of Immunity[END_REF].

EVs have been shown to travel at distant to fulfil the role as communicators apart from local cell communication [START_REF] Peinado | Pre-Metastatic Niches: Organ-Specific Homes for Metastases[END_REF]. In order for us to reason that cardiomyocytederived EVs do travel far distance to the spleen, we needed to demonstrate that the EVs are indeed released into the circulation. From our work, we have thus demonstrated with flow cytometry analysis by using the same cardiomyocyte-specific α-actin conjugated GFP mice as mentioned earlier, that indeed caveolin-3+GFP+ cardiomyocyte-derived lEVs are released into the circulation. Initial validation of these lEVs was done on intracardiac GFP mice to verify the presence of caveolin-3+GFP+ cardiomyocyte-derived lEVs within the heart tissue. As our question was pertaining the modulation of diabetes on intracardiac EVs post-MI, we used intracardiac lEVs derived from diabetic and control mice 24 hours post-MI that were either of WT or cardiomyocyte-specific α-actin conjugated GFP background. In line of our earlier observation and discussion, it was found that intracardiac levels of caveolin-3+GFP+ cardiomyocyte-derived lEVs were diminished in diabetic MI mice as compared to control MI.

The fact that GFP levels were not different between the two groups supports the notion of loss of caveolin-3 expression in cardiomyocyte-derived lEVs as per our discussion earlier.

Interestingly, we found an inverse relationship between the two groups where there is a significant increase of caveolin-3+GFP+ cardiomyocyte-derived lEVs in diabetic MI mice as compared to control MI. Indeed, it has been shown in literature that individuals with MetS/diabetes had significantly higher levels of circulating EVs [START_REF] Amosse | Phenotyping of Circulating Extracellular Vesicles (EVs) in Obesity Identifies Large EVs as Functional Conveyors of Macrophage Migration Inhibitory Factor[END_REF]) [START_REF] Freeman | Altered Extracellular Vesicle Concentration, Cargo, and Function in Diabetes[END_REF], but here, we report for the first time that intracardiac lEVs do travel in the circulation post-MI not only in control mice but in the context of diabetes as well.

Splenic biodistribution of cardiomyocyte-derived EVs were performed by treating cultured splenocytes of either diabetic or control mice that have been subjected to 24 hours MI or sham procedures with Lipilight labelled EVs (APC+) of cultured cardiomyocytes subjected to 24 hours of hypoxia or normoxia. By looking at the percentage of subpopulation of splenocytes that were APC+ indicating uptake of labelled EVs, we demonstrate that there is a preferential uptake of cardiomyocyte-derived EVs in myeloid cells, particularly, macrophages. Between the 2 subsets of EVs, lEVs are the ones that were preferentially taken up, and interestingly, in hypoxic conditions, there is a significantly higher uptake of lEVs by macrophages derived from diabetic mice as compared to control mice.

We are currently investigating to evidence the uptake of cardiomyocyte-derived EVs in organs in vivo by injecting labelled hypoxic EVs into diabetic or control mice 24 hours post-MI or sham procedures. This would provide us with the evidential support that cardiomyocytederived EVs are indeed taken up by the spleen and therefore validate our co-culture treatments of EVs on splenocytes. Of late, there are already studies that demonstrate the uptake of different sources of EVs in the spleen. Wan and colleagues have shown that injection of labelled HEK 293 cell-derived exosomes are taken up by the spleen [START_REF] Wan | Mononuclear Phagocyte System Blockade Improves Therapeutic Exosome Delivery to the Myocardium[END_REF]. Of relevance to our line of research, injection of labelled CDC-derived exosomes were also demonstrated to be taken up by spleen suggesting that in part cardiac EVs do possess the capacity to be taken up by target cells (Fig. 68) [START_REF] Mentkowski | Exosomes Engineered to Express a Cardiomyocyte Binding Peptide Demonstrate Improved Cardiac Retention in Vivo[END_REF]. A highly interesting finding by the authors is that when CDC-derived exosomes were fused with a cardiomyocyte specific peptide, there is an increased tropism in the heart as compared to unmodified exosomes. Further investigations are warranted to fully understand the biological consequences of cardiomyocyte-derived EVs being taken up by splenic macrophages in relation to the miRNAs that we have observed to be dysregulated in the intracardiac EVs of the diabetic heart post-MI as compared to control MI, or even if there is indeed horizontal miRNA transfer to target recipient cells. Strand unspecified, septic mice injected with a miR-146a-expressing plasmid showed an enriched uptake by splenic macrophages that significantly reduced NFκB activation and splenic apoptosis preventing inflammation [START_REF] Funahashi | MiR-146a Targeted to Splenic Macrophages Prevents Sepsis-Induced Multiple Organ Injury[END_REF]. There is no literature shedding light on the effects of miR-378a-5 on macrophages -however, Rückerl and colleagues identified miR-378a-3p to contribute to IL-4 driven activation of M2 macrophages and targeting multiple targets in the PI3K/Akt signalling pathway [START_REF] Rückerl | Induction of IL-4Rα-Dependent MicroRNAs Identifies PI3K/Akt Signaling as Essential for IL-4-Driven Murine Macrophage Proliferation in Vivo[END_REF]. The effects of miR-503-5 on splenic macrophages have also not been described. It is interesting to note that the fact that apart from splenic macrophages, monocytes were also found to uptake cardiomyocyte-derived EVs, albeit to a lesser extent than macrophages. Akbar and colleagues have shown that injecting endothelial cell-derived EVs mobilise splenic monocytes in vivo where there was in increase in monocytes in the circulation and a decrease in splenic monocyte count [START_REF] Akbar | Endothelium-Derived Extracellular Vesicles Promote Splenic Monocyte Mobilization in Myocardial Infarction[END_REF]. In line with this, our lab has also established that monocytes infiltrate the heart post-MI and suggested to engulf cardiomyocyte-derived EVs. In addition to that, the dialogue between in situ monocytes of the infarcted heart post-MI and intracardiac EVs led to the release of pro-inflammatory cytokines (Loyer et al. 2018). Taken together, this highlights the possibility of painting a cyclic demonstration of intracardiac EVs in their role in communication both locally and at distant and participating in inflammation pathways in diabetes and myocardial infarction.

LIMITATIONS

Our current work employs the use of high-fat diet to induce T2D in BL/6J male mice where 75% of energy would be derived from fats. Obesity is a major contributing factor for T2D development in patients and therefore can be mimicked in a mouse model by dietary modifications to promote metabolic dysfunction and weight gain/obesity. Indeed, we observed metabolic consequences where mice were attested to being glucose and insulin intolerant. However, genetic alterations can be considered for a more robust diabetic mouse model.

Looking at T2D and MI with the same lens in patients, MI is usually caused by the prothrombotic and procoagulant state of diabetic patients with increased platelet activation, increased coagulability and accelerated plaque formation due to endothelial dysfunction.

Plaque ruptures and thrombus formation result in coronary artery occlusion which serves as the basis of myocardial ischaemia due to blood and oxygen supply cut off. This explains why T2D patients have an increased risk of MI incidence. However, in our diabetic mouse model, due to the complexity of achieving a monitored diabetes-induced MI, coronary occlusion is artificially implemented to induce MI, and therefore does not completely reflect the exact complications of T2D patients who suffer from MI. In addition to that, patients are subjected to PCI within 24 hours of onset of acute MI, and supply of blood and oxygen is thus reestablished to the injured myocardium [START_REF] Morel | Increased Levels of Procoagulant Tissue Factor-Bearing Microparticles within the Occluded Coronary Artery of Patients with ST-Segment Elevation Myocardial Infarction: Role of Endothelial Damage and Leukocyte Activation[END_REF]. In order to simulate real-world occurrences, it would perhaps be more appropriate to utilise an ischaemia-reperfusion murine model of MI and also to apply hypoxia/reoxygenation in our cultured HL-1 cells.

As we are investigating intracardiac EVs in the context of diabetic mice post-MI, it would have been more accurate to isolate EVs derived from hypoxic cardiomyocytes exposed to hyperglycaemic conditions for our in vitro studies. Normal blood sugar levels approximate to 5.5 mM D-glucose and hyperglycaemic conditions to 25 mM D-glucose in culture media.

The basal medium of Claycomb's medium, which is the medium required to culture HL-1 cardiomyocyte cell line, was reported to be Dulbecco's DMEM [START_REF] White | Cardiac Physiology at the Cellular Level: Use of Cultured HL-1 Cardiomyocytes for Studies of Cardiac Muscle Cell Structure and Function[END_REF], and according to the manufacturer, DMEM already contains 17.5 mM Dglucose. In addition to this, using glucose-sensitive and lactate sensitive electrodes, Eimre and colleagues observed that Claycomb medium contained 21 mM D-glucose [START_REF] Eimre | Distinct Organization of Energy Metabolism in HL-1 Cardiac Cell Line and Cardiomyocytes[END_REF].

Therefore, Claycomb medium would already be hyperglycaemic in nature and altering the constituents of Claycomb medium could not be performed without risking changing optimal conditions for cardiomyocyte growth and therefore prevents potential phenotypical changes. 

CONCLUSION
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Introduction

Isc emic eart disease, including myocardial infarction (MI), represents t e number one cause of deat worldwide [1]. During MI cardiac tissue loses contractile cell mass due to cardiomyocyte deat triggering cardiac inflammation, t at modulates t e ealing process of t e eart [2,3]. Immune cell infiltration and global alterations in ventricular wall stress furt er provoke structural c anges and ventricular remodeling to sustain cardiac function [4]. Due to t ese remodeling processes, patients surviving t e initial event of acute MI ave ig risk to develop eart failure ig lig ting t e need for immediate t erapeutic or interventional progress.

Over t e last years non-coding RNAs suc long non-coding RNAs (lncRNAs) emerged to be mec anistically involved in cardiovascular diseases [5][6][7][8][9]. T e gene product of t e H19 locus was t e first to be described as a non-protein-coding mRNA-like molecule already in 1990 [10]. Importantly, t e lncRNA H19 is well conserved among species [11], ig ly expressed during embryonic development and suppressed in most adult tissues wit few exceptions, like skeletal muscle and eart [12]. In vascular cells, H19 was identified to regulate endot elial cellular aging [13]. Here, we investigated t e expression profile of H19 during and after isc emic event in a rodent model of MI. By using multiple gene reporter and proteome screening approac es, as well as in vitro and in vivo studies, we identified a number of different signalling pat ways modulated by H19.

Materials and methods

Cell culture and treatment

Murine cardiomyocyte-like HL-1 cells were cultivated in Claycomb medium (Sigma Aldric ) supplemented wit 10% FBS (Sigma Aldric ), 100 U/ml penicillin and 100 μg/ml streptomycin (Life Tec nology), 0,1 mM norepinep rine (Sigma Aldric ) and 2 mM L-glutamine (Sigma Aldric ) according to instructions by t e Claycomb Lab [14]. Human cardiac fibroblasts (HCF, PromoCell) were cultivated in Fibroblast basal medium 3 (PromoCell) supplemented wit 10% FBS (Sigma), 100 U/ml penicillin and 100 μg/ml streptomycin (Life Tec nology), 1 ng/ml recombinant uman fibroblast growt factor (PromoCell) and 5 μg/ml recombinant uman insulin (PromoCell). HCFs were used up to passage 8. Human umbilical vein endot elial cells (HUVEC) were cultivated in EBM-2 medium (Lonza) supplemented wit 10% FBS (Sigma) and EGM BulletKit (Lonza). HUVEC were used up to passage 9. For maintenance and 'normoxic' cultivation conditions cells were incubated in 95% air, 5% CO 2 at a relative umidity of 95% at 37 °C.

In order to induce ypoxic cultivation conditions cells were placed into a separate incubator adjusted to 0,2% O 2 and 5% CO 2 wit 95% relative umidity at 37 °C.

To block degradation of Hif1-alp a under normoxic conditions HL-1 cells were treated wit 1 mM dimet yloxalylglycine (DMOG, Sigma Aldric ) dissolved in H 2 O for 24 .

Induction of t e vitamin D receptor (VDR) was ac ieved by treating HL-1 cells wit 100 nM 1alp a,25-Di ydroxyvitamin D3 (Calcitriol, Sigma Aldric ) or ve icle control (et anol absolute, Merck) for 48 .

Isolation and treatment of primary adult mouse cardiac fibroblasts

Adult mouse cardiac fibroblasts (AMCFs) were isolated eit er from 13 to 14 weeks old C57BL/6 N mice or 10-16 week old 129S2/SvPas mice wit global knockout of t e H19 gene (referred to as H19-KO, [15]) or respective 129S2/SvPas wildtype control mice (referred to as WT). Mice were anest etized using 4% isoflurane and sacrificed by cervical dislocation. Hearts were removed and was ed in PBS. For dissociation of t e earts t e Neonatal Heart Dissociation Kit (Miltenyi) was used according to manufacturer's instructions wit a few modifications to apply it for adult earts. T e atrium was removed and ventricular tissue cut into small pieces using a scalpel. Tissue pieces were was ed twice wit PBS and transferred into a GentleMACS C-Tube (Miltenyi, one eart/C-Tube). After tissue pieces ad settled down in t e C-Tube t e supernatant was removed completely and 2.5 ml of an enzyme mix consisting of 2.3 ml Buffer X + 62.5 μl enzyme P and 25 μl Buffer Y + 100 μl enzyme D + 12.5 μl enzyme A was added to eac C-Tube. C-Tubes were inverted and placed onto a gentleMACS Octo Dissociator wit integrated eating modules (Miltenyi). T e program 37C_mr_NHDK_1 was run to dissociate t e earts. After t e program was finis ed t e enzymatic tissue digestion was stopped by adding 7.5 ml of DMEM (Gibco) supplemented wit 10% FBS (Life Tec nologies). T e cell suspension was mixed by pipetting up and down several times and applied onto a 100 μm cell strainer (BD Falcon). T e strainer was was ed wit DMEM +10% FBS and t e flow t roug was centrifuged for 5 min at 600 ×g. In case of AMCFs from BL/6 N mice, cells were t en resuspended in DMEM +10% FBS (Life Tec nologies) and 100 U/ml penicillin and 100 μg/ml streptomycin (Life Tec nology) and seeded into cell flasks. In case of AMCFs of H19 KO or WT mice t e cell pellet was resuspended in DMEM +10% FBS and applied onto a 30 μm cell strainer (Miltenyi,) to remove t e cardiomyocyte fraction. T e strainer was was ed wit 5 ml DMEM +10% FBS and t e flow t roug was centrifuged for 10 min at 300 ×g. T e cells of one eart were resuspended in 1 ml MACS buffer (1:20 dilution of MACS BSA Stock solution (Miltenyi) in autoMACS rinsing solution (Miltenyi)). Red blood cell lysis was performed using Red blood cell lysis solution (Miltenyi) according to manufacturer's instructions. Cells were centrifuged for 10 min at 300 ×g at 4 °C, resuspended in DMEM +10% FBS (Life Tec nologies,) and 100 U/ml penicillin and 100 μg/ml streptomycin (Life Tec nology) and seeded into cell culture plates or flasks. For bot , BL/6 N and H19 KO and WT AMCFs, t e medium was exc anged after 4-24 to remove dead and not attac ed cells. Attac ed cardiac fibroblasts were kept in a umidified incubator at 37 °C, 5% CO 2 , 95% air. For gene expression studies AMCFs from passage 2-4 were used.

Induction of αSMA expression was performed by treating t e cells wit 10 ng/ml recombinant mouse TGF-β 1 (R&D Systems, dissolved in 4 mM HCl (dilution of 37% HCl stock solution, Carl Rot ) containing 0.1% bovine serum albumin (BSA, MACS BSA Stock Solution, Miltenyi)) in serum-free medium for 24 .

Activation of TLR-signalling was induced by treating t e cells wit 30 ng/ml recombinant mouse Tnf-α (BioLegend) dissolved in PBS containing 0.2% bovine serum albumin (BSA, MACS BSA Stock Solution, Miltenyi) in serum-free medium for 24 .

To induce an inflammatory reaction cells were treated wit 100 ng/ ml Lipopolysacc aride E. coli 055:B5 (LPS, Sigma Aldric , dissolved in PBS) in serum-free medium for 24 .

Il-1β ELISA

Quantification of secreted Il-1β in t e supernatant of AMCFs from WT and H19 KO mice treated wit Tnf-α or LPS was performed using a commercially available Il-1β immunoassay (ELISA, R&D Researc ) according to manufacturer's instructions.

Isolation and treatment of primary splenocytes

For isolation of splenocytes 10-11 weeks old 129S2/SvPas mice wit global knockout of t e H19 gene (referred to as H19-KO, [15]) or respective 129S2/SvPas wildtype control mice (referred to as WT) were used. Mice were anest etized using 4% isoflurane and sacrificed by cervical dislocation. T e spleen was removed and transferred to a sterile working benc in PBS. T e spleen was dissociated wit a 100 μm cell strainer (BD Falcon) using t e t ick end of t e plunger of a sterile 1 ml pipet (B. Braun). Afterwards, t e plunger and t e mes were was ed wit PBS and t e cell suspension was centrifuged for 5 min at 300 ×g. T e cells of one spleen were resuspended in 1 ml MACS buffer (1:20 dilution of MACS BSA Stock solution (Miltenyi) in autoMACS rinsing solution (Miltenyi)). Red blood cell lysis was performed using Red blood cell lysis solution (Miltenyi, according to manufacturer's instructions. In case of visible eryt rocytes in t e cell pellet red blood cell lysis was repeated once. T e cells were resuspended in PBS and applied on a 70 μm cell strainer to remove putative remaining clumps. After an additional centrifugation for 10 min at 300 ×g at 4 °C t e splenocytes were resuspended in 15 ml RPMI (Gibco) containing 10% FBS (Life Tec nologies), 1% non-essential amino acids (Invitrogen) and 100 U/ml penicillin and 100 μg/ml streptomycin (Life Tec nology), seeded in one T75 flask/spleen and cultivated for 6 in a umidified incubator at 37 °C, 5% CO 2 , 95% air. T ereafter cells were cultivated in reduced medium (1% FBS) overnig t. T e next morning splenocytes were treated wit 100 ng/ml Lipopolysacc aride E. coli 055:B5 (LPS, Sigma Aldric , dissolved in PBS) in serum-free medium for 5 .

Subcellular fractionation

Fractionation of cytoplasmic, nuclear soluble and c romatin associated RNA was performed as described previously [16]. In brief, HL-1 cells were cultivated under normoxic or ypoxic conditions in T25 cell culture flasks and trypsinized. Cells were split to t ree replicates/T25 and was ed once wit PBS before continuing wit subcellular fractionation. Eac cell pellet was lysed wit 200 μl RNL1 solution (50 mM Tris-HCl pH 8.0, 140 mM NaCl, 1,5 mM MgCl2, 0,5% Igepal CA-630 (Sigma Aldric ), 2 mM Ribonucleoside Vanadyl Complex (NEB)) and incubated on ice for 5 min. After centrifugation (2 min, 300 ×g, 4 °C) supernatant was kept as cytoplasmic fraction. T e remaining pellet was lysed in 200 μl RLN2 solution (50 mM Tris-HCl pH 8.0, 500 mM NaCl, 1,5 mM MgCl2, 0,5% Igepal CA-630 (Sigma Aldric ), 2 mM Ribonucleoside Vanadyl Complex (NEB)) and incubated on ice for 5 min. After centrifugation (2 min, 16,400 x g, 4 °C) supernatant was kept as nuclear-soluble fraction. T e remaining pellet contained t e c romatinassociated fraction. Fractions were stored in Qiazol at -80 °C until RNA isolation was performed.

RNA-fish

To visualize t e localization of H19 wit in HL-1 cells RNA fluorescence in situ ybridization (RNA-FISH) was performed using Stellaris DesignReady FISH probe for mouse H19 wit Quasar 570 dye (LGC Biosearc Tec nologies). HL-1 cells were seeded on 18 mm round coverslips and were cultivated for 24 before putting t em eit er to normoxic or ypoxic conditions (12 , no reoxygenation). Afterwards cells were was ed once wit PBS and fixed in a formalin solution (3.7% in PBS) for 10 min. After two additional was ing steps wit PBS cells were permeabilized in 70% et anol for 4 . T en cells were was ed once in was buffer A (10% (v/v) deionized formamide (Sigma Aldric ) in Stellaris RNA FISH Was Buffer A (LGC Biosearc Tec nologies)) for 5 min. Samples were t en incubated in ybridization buffer (10% (v/v) deionized formamide in Stellaris RNA FISH Hybridization Buffer (LGC Biosearc Tec nologies)) containing H19 probe at a final concentration of 125 nM in a umidified c amber at 37 °C overnig t. T e next day samples were was ed once in was buffer A for 30 min at 37 °C and t en stained wit Dapi (25 ng/ml in was buffer A) for 30 min at 37 °C. Afterwards, samples were was ed once in was buffer B (LGC Biosearc Tec nologies) for 5 min, mounted in Vectas ield mounting medium (Vector Laboratories) and images were taken using Zeiss AxioImager.M2 and appropriate fluorescent filter sets.

siRNA transfection

Transient transfection wit siRNA targeting H19 (50 nM; 5'CAUUC AUCCCGGUUACUUU(dTdT)3′, Eurofins MWG), Hif1-alp a (50 nM; Santa Cruz Biotec nology, sc-35,562) or VDR (10 nM; Santa Cruz Biotec nology, sc-36,811) or respective control siRNAs (Non-specific control 5'AGGUAGUGUAAUCGCCUUG(dTdT)3′, Eurofins MWG or Control siRNA-A, Santa Cruz Biotec nology, sc-37,007) was performed using Lipofectamin 2000 and serum free Opti-MEM I medium (bot Invitrogen) according to manufacturer's instructions 24 after seeding of t e cells. 4 after transfection t e medium was c anged back to normal cultivation medium. Cells were furt er cultivated for 48 under indicated conditions. For t e caspase 3/7 assay t e transfection mix was directly added to t e cultivation medium (10%, v/v) and kept on t e cells until final read out.

Transcription factor reporter array/single reporter

In order to identify altered transcription factors activities upon silencing of H19 in HL-1 cells a luciferase-based transcription factor reporter array (Cignal Finder Reporter Array Plate, Qiagen) was applied. Cells were transfected in a reverse fas ion according to manufacturer's instruction wit little adaptions. In brief, HL-1 cells were passaged t e day before transfection to ac ieve 70-80% confluence on t e day of transfection. On t e day of transfection lyop ilized reporter constructs were dissolved in Opti-MEM I medium already containing siRNA against H19 or a non-specific control (25 μl). After 5 min an equal volume of Lipofectamin 2000 diluted in Opti-MEM I medium was added to eac well, mixed well and incubated for 20 min. HL-1 cells were trypsinized, resuspended in Opti-MEM I medium supplemented wit 10% FBS and seeded onto t e transfection mix wit a density of 50.000 cells/well. 4 after reverse transfection 30 μl of HL-1 cultivation medium was added to eac well. Two days after reverse transfection luciferase reporter activity was determined using Dual-Glo Luciferase Assay System (Promega). Relative luminescence units (RLU) were acquired wit Synergy HT Reader (BioTek). RLU from firefly luciferase were normalized to RLU of renilla luciferase for eac well. Firefly reporters wit low intensity (lower t an 2-fold RLU of negative control reporter) were excluded from t e analysis.

For t e validation of t e array results single reporters for vitamin D receptor (VDR) and liver X receptor (LXR) activity were applied using t e same transfection and cultivation conditions.

NF-κB reporter in HEK293FT

To validate activation of inflammatory NF-κB signalling, a luciferase reporter assay system was applied as described previously [17]. In brief, t e pSGNluc plasmid containing multiple NF-κB binding sites was cotransfected wit a control or H19 overexpressing pcDNA3 plasmid and a beta-galactosidase control plasmid (Promega) into HEK293FT reporter cells in 48-wells by use of Lipofectamine 2000 (T ermo Fis er Scientific). For all plasmids, 100 ng of plasmid DNA was transiently transfected. After 4 , serum-free medium containing Poly I:C (Sigma) at 300 ng/ml was added to reporter cells. HEK293FT cells were incubated for 24 before measuring luciferase and β-galactosidase activity wit appropriate substrates (Promega). Luciferase activity was normalized to β-galactosidase activity ig lig ting t e NF-κB signalling status.

Caspase assay

For t e detection of cell apoptosis Caspase-Glo 3/7 Assay (Promega) was used according to manufacturer's protocol. Luminescence intensity was acquired after 1 of incubation wit Synergy HT Reader (BioTek).

Proteome analysis of HL-1 cell lysate

For proteome analysis 30 μg of HL-1 cell lysate were alkylated wit 4% acrylamide for 30 min at room temperature and run on SDS-PAGE using 4-15% Mini-PROTEAN TGX precasted gels (Biorad). Gels were stained 1 wit coomassie staining solution (0,1% coomassie G250 (T ermo Scientific), 40% met anol, 10% acetic acid) and destained in 20% met anol/10% acetic acid. Full lanes were taken for mass spectrometry analysis at MHH core facility.

Proteins were digested using trypsin and furt er processed as described [18]. Peptide samples were analyzed wit a data-dependent acquisition approac in an LC-MS system (RSLC, LTQ Orbitrap Velos, bot T ermo Fis er) as described recently [18]. Raw MS data were processed using Max Quant (version 1.6.5.0, [19]) and a data base containing uman proteins and common contaminants and Perseus software (version 1.6.2.3, [20]). Proteins were stated identified by a false discovery rate of 0.01 on protein and peptide level.

RNA isolation

Total RNA of cell culture and mouse tissue samples was isolated using TriFast (Peqlab) met od according to manufacturer's instructions. Tissue samples were omogenized in TriFast using a Precellys 24 omogenizer (bertin instruments) and 2.8 mm ceramic beads (VWR) at 5.500 rpm for 2 × 20 s. For subcellular fractionation experiments total RNA was isolated wit miRNeasy Mini Kit (Qiagen) according to manufacturer's instructions.

cDNA synthesis

Reverse transcription for cDNA synt esis of all mRNAs and lncRNAs was performed using eit er cDNA Synt esis Kit (Biozym) or t e iScript Select cDNA synt esis kit (Bio-Rad) according to manufacturer's instructions wit oligo dT or random reverse transcription primers.

Quantitative real-time PCR

Quantitative gene expression analysis was performed on a QuantStudio System (Applied Biosystems) using iQ SYBR Green Supermix (BioRad) and gene-specific primers (s. below). For internal normalization ousekeeping genes 18S, Beta-actin or Gapd were used.

Protein isolation and Bradford assay

For protein isolation from tissue and cell culture samples a protein lysis buffer (1:10 dilution of 10× cell lysis buffer (Cell Signalling Tec nology) supplemented wit 1 mg/ml Pefabloc SC AEBSF (Sigma Aldric )) was used. Tissue samples were omogenized in protein lysis buffer using a cooled Precellys 24 omogenizer (bertin instruments) and 1.4 mm ceramic beads (VWR) at 5.000 rpm for 20 s. Homogenized tissue and resuspended cell culture samples were incubated for 15 min on ice and furt er sonicated wit a Bioruptor pico (Diagenode) for 3 cycles (30 s on/30 s off) at 4 °C. Supernatant was collected after centrifugation for 5 min at 8.000 x g and 4 °C. Protein concentration was determined using Bradford protein assay wit Roti-Quant reagent (Carl Rot ) on a p otometer.

Western blot

For immunoblot analysis 20-30 μg total protein was loaded and run on a 15% SDS-PA gel and transferred to a PVDF membrane (BioRad) over nig t at 30 V. T e membrane was blocked in 1× TBST (0.424 g/l Tris (Carl Rot ), 2.6 g/l Tris-HCl (Carl Rot ), 8 g/l NaCl (Merck), 5% (v/v) Tween 20 (Carl Rot )) containing 5% low fat milk (Carl Rot ) for 1 . Lc3b antibody (ab48394, Abcam) as been used. For detection, membranes were developed using Clarity Western ECL Substrate (BioRad). Images were acquired wit C emiDoc MP device (BioRad) and analyzed wit Image Lab software (BioRad). stored at -80 °C until furt er procession. In addition, t e cell number/ T150 flask was determined for normalization of extracellular vesicle quantity.

T e remaining supernatant underwent a furt er centrifugation at 20,500 g, 2 at 4 °C to pellet large EVs (lEVs). lEVs were t en resuspended in 100 μl PBS and stored at -80 °C until measurement. T e supernatant of lEVs was subjected to ultracentrifugation twice at 100,000 g, 1.5 at 4 °C to pellet small EVs (sEVs). Similarly, sEVs were also resuspended in 100 μl PBS and stored at -80 °C until measurement.

EV concentration was measured using tunable resistive pulse sensing (TRPS) tec nology (qNano; Izon Science, New Zealand) utilizing NP150 and NP400 nanopores. Measurements were calibrated wit calibration beads CPC200 (210 nm mode diameter) and CPC400 (350 nm mode diameter) respectively. Concentration was t en expressed as particles normalized to t e number of cells.

Animal experiments

All animal experiments were performed in accordance wit t e relevant guidelines and regulations and wit t e approval of t e responsible aut orities (Lower Saxony's regional office for consumer protection and food safety (LAVES) or government of lower Franconia).

Time course expression analysis after permanent LAD occlusion

To determine t e expression profile of cardiac H19 after myocardial infarction, 8-10 weeks old C57BL/6 N mice underwent permanent occlusion of t e left anterior descending coronary artery (LAD). S am animals underwent t e same operation procedure wit out artery ligation. Mice were sacrificed 4 , 24 , 3 days, 7 days, 14 days or 28 days after surgery, before earts were removed and RNA was isolated as described.

Cardiac cell fractionation after permanent LAD occlusion

For cell fractionation experiments 9 weeks old male C57BL/6 N mice underwent permanent occlusion of t e LAD. S am mice underwent t e same surgical intervention except LAD ligation. Five days after surgery mice were sacrificed by cervical dislocation and t en subjected to w ole-body perfusion. T e earts were excised and kept in Hank's Balanced Salt Solution supplemented wit 0.5% bovine serum albumin (HBSS/BSA) at 4 °C until furt er processing. To obtain a suspension of cardiac cells, t e eart samples were enzymatically digested in type-II collagenase (1000 IU/ml, Wort ington Bioc emical Corporation, Lakewood, NJ, USA) for 30 min at 37 °C and t en ground against a 70 μm cell strainer (Miltenyi Biotec, Bergisc Gladbac , Germany) as previously described [21]. T e cardiac cells were stained wit t e viability reagent Zombie Aqua™ (in PBS), and afterwards wit t e following fluorop ore-conjugated antibodies (in PBS-BSA 0.5%): anti-CD45 Brilliant Violet™421 (clone 30F11), anti-CD31-Alexa®647 (clone 390) and anti-T y1.2-PE/Cy7 (clone 53-2.1). Fc-receptors were blocked using an unconjugated anti-CD16/32 antibody (clone 93). All reagents used for flow cytometry were purc ased from Biolegend (San Diego, CA, USA). T e different cellular compartments found in MI and S am-operated earts were purified by means of fluorescence-activated cell sorting (BD FACSAriaIII™, Heidelberg, Germany). Accordingly, after gating on live singlets, t e t ree major cell subsets were defined as:

endot elial cells (CD31 + T y1.2 -CD45 -), leukocytes (CD45 + CD31 -) and resident mesenc ymal cells (T y1.2 + CD45 -CD31 -), t e latter being primarily composed of cardiac fibroblasts [22,23]. T e purified cells were sorted directly into RLT plus lysis buffer (Qiagen, Düsseldorf, Germany) supplemented wit 40 mM Dit iot reitol (DTT) and t en stored at -80 °C. T e RNA content from eac cell compartment was extracted using t e RNeasy® plus micro kit (Qiagen, Düsseldorf, Germany), according to manufacturer's instructions.

Ischemia-reperfusion injury in H19 KO mice

For in vivo investigation of H19 loss-of-function, w ole body H19 knock out mice wit 129S2/SvPas background [15] were used (referred to as H19 KO). 8-11 weeks old male H19 KO or wildtype (WT) mice received a period of 60 min of isc emia by transient ligation of t e LAD followed by 24 or 4 weeks of reperfusion before tissue arvest. S am animals underwent t e same operation procedure wit out artery ligation. For experiments wit an endpoint of 4 weeks, ec ocardiograp y was performed using a Vevo 2100 instrument (VisualSonics) in t e long axis view using B-Mode. Fractional s ortening (FS) and systolic (s) and diastolic (d) left ventricular volumes were analyzed using t e Vevo LAB 3.2.0 software (VisualSonics). On t e day of arvest emodynamic measurements were obtained t roug left ventricular cannulation wit a 1F pressure-volume cat eter (PVR 1045;Millar Instruments, Houston, TX). Pressure-volume-loops were analyzed wit LabC art 8 software (ADInstruments) using cardiac volumes obtained by ec ocardiograp y as reference values.

Infarct size assessment

To determine t e infarct size in WT and H19 KO mice, 24 after I/R injury t e animals were anest etized wit 4-5% isoflurane and intubated to sustain deep anest esia. T e c est was opened and t e suture of isc emic intervention was re-ligated to separate t e Area at Risk (AAR) from blood circulation. A 2% Evan's Blue solution (Sigma Aldric E2129, in saline) was injected into t e left juguar vein. After perfused tissue turned blue mice were sacrificed by cervical dislocation. T e atrium was cut, earts were rinsed in PBS and cut into slices. T e eart slices were incubated in a 2% 2,3,5-Trip enyltetrazolium c loride solution (TTC, Sigma Aldric T8877, in saline) at 37 °C for 10 min and fixed in 4% formalin overnig t. AAR and infarct size (IS) were assessed by planimetric measurements using AxioVision 4 software (Carl Zeiss Microscopy GmbH).

Time course expression analysis after I/R injury

Male C57BL/6 N mice underwent I/R injury wit 60 min of isc emia. Mice were sacrificed 24 , 3 days or 7 days after surgery. S am animals underwent t e same operation procedure wit out artery ligation.

Cytokine array

To gain an overview of t e cytokine profile in infarcted cardiac tissue of H19 KO and wild type (WT) mice, a Proteome Profiler Mouse Cytokine Array Kit, Panel A (R&D Systems) was performed according to manufacturer's instructions. One mouse per group (WT s am, WT I/R, H19 KO s am, H19 KO I/R) was randomly c osen for t e array. 200 μg of total protein from t e infarcted region of selected mice were incubated on t e provided membranes at 4 °C overnig t. Development of t e membranes was performed using Clarity Max Western ECL Substrate (BioRad). C emiluminescent intensity of single spots was analyzed using Image Lab software (BioRad).

Picrosirius red staining

Paraffin-embedded eart slices were stained for connective tissue 4 weeks after I/R injury using t e picrosirius red met od. In brief, after re ydration of paraffin sections (50 °C for 30 min, 2 × 10 min Roti istol (Carl Rot ), 2 × 5 min 100% et anol, 5 min 90% et anol, 5 min 70% et anol, 5 min dest. H 2 O) sections were stained in picrosirius red staining solution (0.1% (w/v) Sirius red (Waldeck) dissolved in 1.2% picric acid (C roma)) for 30 min at room temperature. Heart sections were de ydrated (2 min 70% et anol, 5 min 90% et anol, 5 min 100% et anol, 2 × 5 min Roti istol) and pictures were taken. 

Statistical analysis

For statistical analysis, Grap Pad Prism (Version 8) was applied. In case of two groups, unpaired two-tailed student's t-test was performed. For experiments wit more t an two groups a One-or Two-way ANOVA was performed wit Tukey's or Sidak's correction for multiple comparisons as stated in t e figure legends. Error bars in grap s indicate standard error of t e mean (SEM). Gene expression correlation was done wit two-tailed Pearson correlation wit a confidence interval of 95%. Asterisk mean: * = P < .05; ** = P < .01; *** = P < .001.

Results

Oxygen deficiency increases H19 expression in cardiac tissue in vivo and in cardiovascular cells in vitro

To assess t e regulation of H19 expression in detail we studied isc emic and remote cardiac tissue of mice after myocardial infarction over time (4 , 1 day, 3 days, 7 days, 14 days, 28 days; Fig. 1A,B). We observed a rapid induction of H19 in t e infarct/peri-infarcted zone starting after 24 wit a peak at day 7 compared to control mice. T is initial induction was followed by a normalization to control levels at day 14 and 28. In contrast, remote tissue s owed only moderate regulation of H19. Next, we assessed H19 expression in HL-1 cardiomyocytes, uman cardiac fibroblasts (HCF) and uman endot elial cells (HUVEC) after 24 of ypoxia (0.2% O 2 ) to mimic oxygen deficiency in vitro. T is resulted in an upregulation of H19 in all cell types indicating H19 transcriptional activation (Fig. 1C). It was previously suggested t at t e ypoxia-inducible factor (HIF) could be involved in transcriptional activation of H19 [24,25]. Indeed, endogenous Hif1α silencing by a siRNA approac diminis ed t e ypoxia-induced upregulation of H19 almost completely (Fig. 1D-E). Treatment of HL-1 cells wit DMOG, w ic in ibits degradation of Hif1α [26], was also sufficient to induce a strong upregulation of H19 even under normoxic conditions (Fig. 1F). T ese results suggest a Hif1α-dependent regulation of H19 under ypoxic conditions in HL-1 cardiomyocytes. In subcellular cell fractionation experiments of HL-1 cardiomyocytes H19 was detectable in all cellular compartments wit enric ment in t e cytoplasm under normoxic and under ypoxic conditions (Fig. 1G). T e subcellular localization and t e strong upregulation of H19 under ypoxic conditions was confirmed by qualitative RNA-FISH experiments (Fig. 1H).

H19 reduction decreases cardiomyocyte survival under hypoxia via interference with vitamin D receptor activity

To test potential effects of H19 on cardiomyocyte signalling patways we performed luciferase-based transcription factor activity array screening under ypoxic or normoxic cultivation conditions (Fig. 2A,B). We identified two transcription factors, vitamin D receptor (VDR) and liver X receptor (LXR), w ose activities were repressed > 2-fold in ypoxic HL-1 cells lacking H19 and validated regulation of t ese two transcription factors wit single independent gene reporter assays (Fig. 2C). W ile in ibition of H19 repressed LXR activity under bot , normoxic and ypoxic conditions, repression of VDR activity by H19 silencing was restricted to a ypoxic environment. Interestingly, activation of bot transcription factors ad been reported to exert cardioprotective anti-apoptotic effects in animal models of cardiac isc emiareperfusion injury [27][28][29]. Indeed, H19 silencing led to pro-apoptotic conditions under oxygen-deficiency as s own by increased caspase 3 and 7 activity (Fig. 2D). In line wit afore mentioned transcriptional regulation of VDR activity by H19, siRNA-mediated silencing of VDR increased apoptosis in cardiomyocytes (Fig. 2E,F) comparable to t e effect seen wit knock down of H19. Silencing of VDR mRNAs s owed no effect on H19 expression suggesting no positive backward loop regulation (Supplementary Fig. S1 A). Besides t e transcriptional activation of VDR by oxygen deficiency seen in t is study, VDR can be activated by its ligand 1,25(OH) 2 -Vitamine D3 (Calcitriol). T us, to furt er validate an active involvement of H19 in t e regulation of VDR we treated HL-1 cardiomyocytes wit 1,25(OH) 2 -Vitamine D3 under control and H19-deficient conditions. Cellular H19 silencing was wit out an effect on VDR mRNA expression (Supplementary Fig. S1 B +C). Calcitriol treatment owever suppressed H19 expression indicating t at VDR activation itself can impact on H19 regulation (Fig. 2G) as also observed by ot ers [30]. Similar to t e observations under oxygen deficiency, we found decreased VDR activity during Calcitriol treatment in H19-silenced cardiomyocytes indicating t at t e presence of H19 is necessary for an efficient activation of VDR by its ligand (Fig. 2H). In addition to t e validated repression of VDR and LXR transcriptional activity we observed ig er activation of Nuclear Factor κB (NF-κB) in H19-deficient HL-1 cardiomyocytes (Fig. 2B, FC t res old > 1.5). HEK293FT cells co-transfected wit a luciferase-based NF-κB reporter and a pcDNA3-H19 overexpression plasmid s owed significantly reduced NF-κB activation upon stimulation wit Poly I:C, a viral RNA analogue (Supplementary Fig. S2), providing experimental evidence t at H19 mig t also be involved in NF-κB signalling. Collectively, we postulate t at H19 deficiency alters transcriptional activities of several transcription factors, like LXR, VDR and NF-κB. Modulation of VDR activity was s own as one possible downstream pat way to augment t e apoptotic response in HL-1 cardiac cells under oxygen deficiency.

Modulation of H19 results in versatile changes of HL-1 proteome

To gain furt er details on t e molecular alterations of H19-deficient HL-1 cardiomyocytes we performed proteome analysis by mass spectrometry (MS) of cardiomyocytes subjected to normoxia or ypoxia in combination wit H19 modulation. In total, 2865 proteins were detected in all samples wit at least 5 peptides per protein and a sequence coverage > 20%, s owing a distinct clustering of t e individual groups (Fig. 3A). Among t ese proteins 70 were significantly (p-value < .05) deregulated wit at least 2-fold induction or repression under normoxic conditions (37 up, 33 down) and 113 under ypoxic conditions (71 up, 42 down), w en H19 was repressed. Venn diagram plotting s owed t at c anges in global HL-1 protein content caused by H19 loss-of-function is specific for t e distinct oxygen conditions as t ere was ardly any overlap of up or down regulated proteins under normoxic and ypoxic conditions (Fig. 3B). Focusing on differentially regulated proteins under ypoxic conditions we identified interacting protein networks using t e STRING database version 11.0 [31] (Fig. 3C-D). Combining STRING interaction networks wit gene ontology (GO) enric ment databases, t e most prominent clusters wit in t e network were linked to mRNA splicing and gene translation as well as mitoc ondrial membrane proteins and t e respiratory c ain complex. A fourt cluster could be associated wit vesicle-mediated transport mec anisms. In line, H19-deficient HL-1 cells s owed induced secretion of large extracellular vesicles (lEVs) under in vitro ypoxemia (Supplementary Fig. S3), underlining t e potential of H19 to participate in vesicle-mediated intercellular communication. GO enric ment analysis of upregulated proteins only under ypoxia using Enric r [32,33] suggested an involvement of H19 in different signalling pat ways including apoptosis and inflammation (Fig. 3E and Supplementary Table S1). Enricment analysis of repressed proteins suggested impairments in autopagosome maturation and autop agic clearance of aggregated proteins under H19-deficiency (Supplementary Table S2). In line, protein-based analysis of autop agosome formation by determination of free (Lc3b I) and membrane-bound (Lc3b II) Lc3b levels revealed reduced Lc3b II/Iratios in ypoxic H19-deficient HL-1 cardiomyocytes as well as in earts of mice wit a global knockout of H19 (Supplementary Fig. S4). Taken toget er, applying unbiased proteome analysis we demonstrated t at cardiac H19 is involved in various pat ways during oxygen deficiency in cardiomyocytes including e.g. apoptosis and inflammation, reflecting our results obtained from transcription factor activity 

H19 knock out mice show enhanced cardiac inflammation after myocardial ischemia-reperfusion injury

Transcription factor activity screening and proteome analysis suggested pro-apoptotic and pro-inflammatory effects of H19-depletion in vitro (Figs. 2B,3E and Supplementary Fig. S2). To investigate t e consequences of H19-deficiency in vivo we subjected H19 KO and WT mice to isc emia-reperfusion injury wit 60 min of isc emia followed by 24 of reperfusion (Fig. 4A). W ile H19-deficient HL-1 cardiomyocytes s owed en anced apoptotic cell deat under oxygen deficiency in vitro (Fig. 2D), global KO of H19 did not result in increased infarct sizes 24 after I/R injury as determined by Evan's Blue and TTC staining (Fig. 4B). To assess potential c anges in t e profile of inflammatory markers, we performed cytokine profiling in infarct tissue lysate. As expected, I/R injury lead to an induction of inflammatory markers (Fig. 4C and Supplementary Table S3). Of note, genetic loss of H19 considerably increased abundance of some pro-inflammatory cytokines (e.g. Il1-beta, Il-6, Cxcl1, Cxcl2, Cxcl10 and Trem-1) suggesting an en anced inflammation process in t e infarcted area of t ese mice (Fig. 4D). In addition, quantitative gene expression analysis s owed a significant increase in mRNA levels of Tnf-α, Il-1β, Mcp-1, Cxcl2 and Cxcl10 in infarcted H19 KO mice compared to WT mice (Fig. 4E). We t us could validate t e previously suggested H19-dependent modulation of inflammatory pat ways based on transcription factor activity analysis and proteome screening in cultured cardiomyocytes in t e context of cardiac I/R-injury in vivo.

Loss of H19 does not affect inflammatory gene expression in cultures of cardiomyocytes, cardiac fibroblasts or splenocytes

We attempted to identify t e source for t e increased inflammation in H19 KO mice 24 after I/R injury. First we evaluated t e inflammatory potential of cardiomyocytes to express pro-inflammatory cytokines and c emokines under oxygen-deficiency and a putative involvement of H19. Hypoxic treatment induced at least some of t e investigated pro-inflammatory markers (e.g. Cxcl1 and Cxcl2, Fig. 5A). However, H19 repression did not increase t e expression of any of t e investigated marker genes (Fig. 5B). Next we focused on cardiac fibroblasts as t ey are critically involved in t e inflammatory response after MI [34,35]. To t is end, adult mouse cardiac fibroblasts were isolated from H19 KO and WT mice. As cultivation of HCFs under ypoxic conditions strikingly repressed inflammatory gene expression (Fig. 5C), H19 KO and WT AMCFs were stimulated wit Tnf-α or lipopolysacc aride (LPS) for 24 to simulate a pro-inflammatory environment (Fig. 5D). In WT cells t e expression of H19 was significantly repressed by Tnf-α-stimulation and almost absent, w en cells were treated wit LPS (Fig. 5E). In contrast, mRNA expression of Il-1β was ig ly induced by t ese pro-inflammatory stimuli (Fig. 5F). Of note, AMCFs wit a genetic deletion of H19 s owed similar Il-1β gene expression (Fig. 5F) or secretion (Supplementary Fig. S5) as WT cells.

Similarly, isolated WT and H19 KO splenocytes, representing a cellular reservoir for infiltrating monocytes after myocardial isc emia, s owed comparable inflammatory gene expression (Il-1β, Tnf-α, Cxcl1, Cxcl2) after 5 of LPS stimulation (Fig. 5G). In summary, no H19-dependent alteration of t e inflammatory response could be monitored in HL-1 cardiomyocytes, primary cardiac fibroblasts or splenocytes on gene expression level, eit er suggesting ot er cardiac or non-cardiac cells to be involved in t e en anced inflammatory response seen in H19 KO mice or intercellular communications (e.g. vesicle secretion) defined by a multicellular interplay after MI.

Cardiac fibroblasts are the major source of myocardial H19 expression after MI

As global KO of H19 caused massive alterations in pro-inflammatory gene expression and H19 s owed a peak induction in t e p ase of resolution of cardiac inflammation (Fig. 1B), we were wondering if antiinflammatory leukocytes are t e major source of cardiac H19 expression in t e reparative p ase. T us, we induced permanent LAD occlusion in mice and performed FACS-based cell sorting of leukocytes (CD45 + CD31 -), endot elial cells (CD31 + T y1.2 -CD45 -) and fibroblasts (T y1.2 + CD45 -CD31 -) from t e infarcted area 5 days post-MI (Fig. 6A). As s own in Fig. 6B not leukocytes but cardiac fibroblasts represented t e major source of H19 expression in infarcted earts. After cardiac isc emia in vivo, t e resolution of cardiac inflammation is accompanied by Tgf-β-induced differentiation of cardiac fibroblasts into α-smoot muscle actin (αSMA)-expressing myofibroblasts [35]. Investigation of cardiac mRNA expression levels in t e infarcted tissue of mice 1, 3 and 7 days after I/R injury additionally revealed t at Tgf-β, αSMA and H19 display t e same expression profiles (Fig. 6C-D). Pearson correlation analysis of Tgf-β, αSMA and H19 expression revealed a significant positive correlation between t ese t ree genes (Fig. 6E-F). Of great interest, induction of Tgf-β, αSMA and H19 expression coincided wit t e resolution of cardiac inflammation as represented by decreased Il-1β expression (Fig. 6D). Furt ermore, we could validate t e positive association between Tgf-β-induced expression of pro-fibrotic genes like αSMA and connective tissue growt factor (Ctgf) and en anced expression of H19 in isolated AMCFs in vitro (Fig. 6G). In conclusion, we identified cardiac fibroblasts to be t e major source of cardiac H19 expression after MI and found strong associations wit cardiac fibroblast activation status.

H19 KO mice display moderate alterations in myocardial remodeling 4 weeks after I/R injury

To investigate t e consequences of global H19 KO on cardiac remodeling after MI we subjected WT and H19 KO mice to I/R injury wit 60 min of isc emia and 4 weeks of reperfusion and performed ec ocardiograp y and pressure-volume analysis to assess cardiac function (Fig. 7A). Having identified cardiac fibroblasts as a key H19-expressing cell type, we first assessed t e fibrotic response in WT and H19 KO mice. As depicted in Fig. 7B andC, massive fibrotic remodeling was present after I/R injury but t ere were no significant differences in mRNA expression of collagens or periostin in t e remote or infarcted zone between H19 KO and WT mice detectable. However, H19 KO mice s owed a tendency for en anced expression of Col1a1 and Col3a1 4 weeks after I/R injury. Fractional s ortening and left ventricular volumes assessed by ec ocardiograp y (Fig. 7D) indicated impaired cardiac function and dilation in infarcted earts, alt oug c anges did not reac statistical significance. In contrast, impaired cardiac contractility of infarcted earts was evident in pressure-volume analysis, as depicted by means of dP/dT max and dP/dT min (Fig. 7E). Besides c anges in cardiac fibrosis and function, we found a significantly increased ratio of eart weig t to tibia lengt (HW/TL) in infarcted H19 KO mice (Fig. 7F) ig lig ting an augmented ypertrop ic remodeling in t e absence of endogenous H19. 

Discussion

Myocardial infarction and subsequent development of eart failure cause several million deat s per year and new t erapeutic approac es besides classical protein targets are needed. An increasing number of studies demonstrate lncRNAs to be mec anistically involved in cardiovascular disease progression [7][8][9][START_REF] Wang | CARL lncRNA in ibits anoxia-induced mitoc ondrial fission and apoptosis in cardiomyocytes by impairing miR-539-dependent PHB2 downregulation[END_REF][START_REF] Qu | MIAT is a pro-fibrotic Long non-coding RNA governing cardiac fibrosis in post-infarct myocardium[END_REF]. In t is study we aimed to investigate t e regulation and functions of t e lncRNA H19 in myocardial infarction in vivo and under oxygen deficiency in vitro.

Oxygen deficiency resulted in remarkable induction of H19 in all t ree main cardiac cell types, cardiomyocytes, cardiac fibroblasts and endot elial cells. As cardiomyocytes are most susceptible for ypoxiainduced cell deat we first focused on possible functions of H19 in t ese cells. Previous studies revealed a Hif1α-dependent induction of H19 in cancer cell lines [24,25] and we ere could extend t at mec anisms to be also conserved in ypoxic HL-1 cardiomyocytes. Applying a transcription factor activity screening and proteome profiling of ypoxic HL-1 cardiomyocytes we observed multiple p enotypic c anges in cells wit H19 knockdown suggesting a crucial involvement of H19 in multifaceted cellular pat ways. W ile enric ed in t e cytoplasm, t e multiplicity of intercellular interaction possibilities of H19 was furt er underlined by its ubiquitous subcellular localization [38,[START_REF] Sun | Nuclear long noncoding rnas: key regulators of gene expression[END_REF], w ic we could demonstrate by RT-qPCR analysis and FISH experiments.

A major consequence of cardiac isc emia is t e loss of viable cardiomyocytes triggered by apoptotic cell deat . Targeting cardiomyocyte apoptosis displays one strategy to reduce myocardial infarct size to improve cardiac function after MI. In a study in 2015 Yao and colleagues s owed t at activation of t e vitamin D receptor (VDR) by VDR agonists, like Calcitriol, resulted in smaller infarcts and improved cardiac performance by attenuating cell deat in a mouse model of I/R injury [29]. We also found cardio-protective effects of VDR in our setting of in vitro ypoxia. Importantly, we identified VDR signalling as a downstream target of H19 in ypoxic cardiomyocytes. Alt oug Calcitriol treatment slig tly repressed H19 expression in HL-1 cells, effective VDR activation was attenuated in H19-deficient cells under ypoxemia and during treatment wit Calcitriol. A transcriptional repression of H19 by Calcitriol was also s own in different colon cancer cells and mig t represent a negative-feedback-loop regulation [30]. However, we identified H19 as a potential upstream regulator to mediate anti-apoptotic effects of VDR activation in cardiomyocytes. In line, our in vitro findings demonstrate t at endogenous upregulation of H19 functions as an intrinsic protection to ameliorate ypoxia-induced cardiomyocyte apoptosis as H19 silencing significantly impaired cell survival. In agreement, recent studies corroborate t e observed antiapoptotic properties of H19 in cardiac isc emia by interacting wit different miRNAs [START_REF] Wang | MicroRNA-103/107 regulate programmed necrosis and myocardial isc emia/reperfusion injury t roug targeting FADD[END_REF][START_REF] Gong | Long noncoding, H19 protects H9c2 cells against ypoxia-induced injury by targeting microRNA-139[END_REF][START_REF] Li | LncRNA H19 alleviated myocardial isc emia reperfusion injury via suppressing miR-877-3p/Bcl-2-mediated mitoc ondrial apoptosis[END_REF].

Besides apoptosis, we could associate cardiac H19 wit autop agosome formation and t e release of extracellular vesicle. As impaired clearance of unnecessary or misfolded proteins can increase cellular stress, autop agy plays a pivotal role in post-isc emic cardiomyocyte survival and adverse remodeling [START_REF] Wu | Impaired autop agy contributes to adverse cardiac remodeling in acute myocardial infarction[END_REF]. In our in vitro model of cardiac isc emia we observed a misbalance in t e membrane integration of Lc3b w en H19 was silenced, again pointing towards an intrinsic protective function of ypoxia-induced upregulation of H19.

An unbiased proteome analysis of HL-1 cardiomyocytes subjected to ypoxemia or normoxia wit additional H19 modulation revealed t at H19 knock down affected different molecular pat ways including t e regulation of mRNA splicing and translation. In earlier studies, RNA sequencing of ribosomal fractions confirmed t at H19 can associate wit ribosomal compartments [START_REF] Van Heesc | Extensive localization of long noncoding RNAs to t e cytosol and mono-and polyribosomal complexes[END_REF]. T is is in line wit our observation of mainly cytoplasmic localization of H19 in HL-1 cardiomyocytes and provides furt er evidence t at H19 could interfere wit t e translational mac inery to regulate a broad range of cellular pat ways.

W ile our experiments wit HL-1 cardiomyocytes suggested an antiapoptotic potential of endogenous H19 under in vitro isc emia, mice wit a constitutive KO for H19 did not s ow increased infarct sizes 24 after I/R injury. Importantly, 24 after I/R injury WT mice did not s ow any c anges in H19 expression in t e infarcted area (Supplementary Fig. S6), t us, t e massive upregulation of H19 seen under ypoxia in vitro is not recapitulated after I/R injury in vivo. Next we s owed t at treatment of primary cardiac fibroblasts wit pro-inflammatory agents strongly repressed expression of H19 (Fig. 5D). Hence, inflammatory processes and cytokine release after MI mig t counteract isc emia-induced upregulation of H19 and ampers its protective potential. A recent publication by Li and colleagues underlines t e cardio-protective effects of upregulated H19 we observed erein in vitro. In t eir study adenoviral overexpression of H19 in mice 3 days prior I/R injury resulted in reduced infarct size [START_REF] Li | LncRNA H19 alleviated myocardial isc emia reperfusion injury via suppressing miR-877-3p/Bcl-2-mediated mitoc ondrial apoptosis[END_REF]. In contrast to t e study by Li et al. we were focusing on H19 loss-of-function and found an exacerbated cardiac inflammation in infarcted H19 KO mice 24 after I/R injury. Alt oug modifications in NF-κB transcriptional activity were evident in H19-deficient ypoxic HL-1 cells, nor cardiomyocytes neit er cardiac fibroblasts or splenocytes s owed increased gene expression of pro-inflammatory cytokines in t e absence of H19, suggesting t e involvement of ot er cell types or transcriptional-independent alterations in immune cell recruitment. Recently, a study revealed t at extracellular vesicles released from cardiomyocytes during myocardial infarction ave t e potential to s ape t e inflammatory response post-MI [START_REF] Loyer | ot ers, Intra-cardiac release of extracellular vesicles s apes inflammation following myocardial infarction[END_REF]. Excessive inflammation can be detrimental to t e eart and results in infarct expansion or en anced cardiac remodeling [START_REF] Yang | Microrna-21 prevents excessive inflammation and cardiac dysfunction after myocardial infarction t roug targeting kbtbd7[END_REF]. Our initial observations suggest t at ypoxiainduced expression of H19 can ameliorate excessive inflammatory signalling in t e infarcted tissue as cell culture supernatant from H19deficient ypoxic HL-1 cardiomyocytes s owed an increased accumulation of extracellular vesicles.

LncRNA H19 s owed a peak induction in t e infarcted area during t e p ase of infarct ealing after permanent LAD occlusion. Using a FACS-based cell sorting approac we could identify cardiac fibroblasts as t e major source of H19 expression during t is p ase. T e uman lung fibroblast cell line MRC-5 was used to s ow t at Tgf-β-induced upregulation of H19 was necessary for fibroblast activation and αSMA expression [START_REF] Lu | T e lncRNA H19 mediates pulmonary fibrosis by regulating t e miR-196a/COL1A1 axis[END_REF]. We also observed a positive correlation between Tgf-β, αSMA and H19 in cardiac fibroblasts and in infarcted mouse earts suggesting similar association in fibroblasts from cardiac origin.

Long-term investigation of cardiac fibrosis and function 4 weeks after I/R injury revealed only moderate differences between WT and H19 KO mice. However, H19-deficiency resulted in a significantly increased HW/TL-ratio pointing towards augmented cardiac ypertrop y in t ese mice. Investigations of wound ealing and cardiac remodeling after MI s owed significant mouse strain-dependencies and mice wit a 129S6 background ad least prominent c anges in cardiac geometry and function after MI [START_REF] Van Den Borne | Mouse strain determines t e outcome of wound ealing after myocardial infarction[END_REF]. Additionally, we applied I/R injury w ic per se causes less detrimental cardiac injury [START_REF] De Celle | Long-term structural and functional consequences of cardiac isc aemia-reperfusion injury in vivo in mice[END_REF]. T us, repeated studies wit different mouse strains mig t be needed to emp asize H19-dependent c anges in cardiac function.

In summary, we demonstrate t at lncRNA H19 is dynamically regulated after MI and t at H19 interacts wit essential molecular pat ways of t e acute p ase after MI including cardiomyocyte apoptosis and inflammatory signalling. Functionally, we did not see significant c anges in cardiac function (but trends for deterioration) or scar formation but exaggerated cardiac ypertrop y indicating furt er pat ological cardiac remodeling in H19 KO mice after MI. At t e molecular level we introduced t e H19-VDR axis as a new mec anism by w ic H19 exerts anti-apoptotic effects in ypoxic cardiomyocytes. In addition H19 is a crucial regulator of cardiac inflammation and fibroblast biology during cardiac ealing reflecting its key function to control central pat ways involved in cardiac remodeling (summarized in Fig. 8).

Supplementary data to t is article can be found online at ttps:// doi.org/10.1016/j.yjmcc.2020.07.001.

Declaration of Competing Interest

TT and JF ave filed patents in t e field of cardiovascular noncoding RNA diagnostics and t erapeutics. TT is founder and s areolder of Cardior P armaceuticals GmbH.

INTRODUCTION

Cardiovascular diseases (CVDs), including myocardial infarction (MI), lead to an adverse remodeling process in the heart. This is typically initiated by different stress factors such as cardiac ischemia as well as pressure and/or volume overload, resulting in maladaptive responses to maintain the cardiac function and, ultimately, contributing to heart failure. 1-3 There is intercellular crosstalk between main cell types of the heart such as cardiac fibroblasts, cardiomyocytes, and endothelial cells to coordinate the initiation and progression of cardiac remodeling. 4,5 Since the discovery that non-coding RNAs (ncRNAs) such as microRNAs and long non-coding RNAs (lncRNAs) are also present in human body fluids, partly via the inclusion into extracellular vesicles (EVs), 6,7 they have emerged as paracrine effectors by which cardiac cell types can communicate with each other and respond to stress conditions and are considered to serve as novel clinical biomarkers.

In the context of ncRNAs/vesicle-mediated communication mechanisms in the heart, previous studies identified that cardiac fibroblasts are able to release exosomes enriched in microRNAs that are taken up by cardiomyocytes, contributing to the development of cardiomyocyte hypertrophy. 8 However, whether lncRNAenriched EVs may also serve as cell-cell communicators during cardiac ischemia is not well known so far. In this study, we characterized a novel intercellular communication route between hypoxic cardiomyocytes and fibroblasts via the transfer of lncRNA-enriched EVs and studied their potential biological function in ischemic heart disease including in vitro, in vivo, and human cell/tissue studies.

RESULTS

Ischemia Drives Extracellular Vesicle Secretion by Cardiomyocytes

Ischemia is well known to drive cardiac remodeling after MI. To understand a potential crosstalk between cardiomyocytes and fibroblasts via EVs and to mimic the clinical situation of ischemia/ reperfusion in vitro, cardiomyocytes were exposed to hypoxic conditions followed by reoxygenation, and EVs-large EVs (lEVs) and small EVs (sEVs)-were isolated (nomenclature was according to Théry et al. 9 ). By electron microscopy, we observed the formation of lEVs originating through the outward budding of the plasma membrane and the release of sEVs into the extracellular fluid (Figure 1A). We identified the appearance of typical multivesicular bodies (MVBs) enriched with intraluminal vesicles inside the cytoplasm, which were derived through the inward invagination of the MVB membrane (Figure 1A, black arrow). Further characterization of isolated EVs from the conditioned medium of cardiomyocytes demonstrated that sEVs were rounded in shape, with an approximate size of 100 nm in diameter, as shown by electron microscopy (Figure 1A) and expressed the marker protein CD81 (Figure 1B). In contrast, the lEV fraction displayed a multifaceted morphology and the presence of the characteristic marker Flotillin-1 (Figure 1B). Moreover, nanoparticle tracking analysis validated that hypoxia stimulated secretion of EVs (Figure 1C).

Hypoxic Cardiomyocyte-Derived Vesicles Are Transferred to Fibroblasts, Leading to a Profibrotic Phenotype

Next, we investigated whether cardiomyocytederived vesicles would be transferred to and finally incorporated by fibroblasts. Secreted EVs-both small and large vesicles-were isolated, and subsequently, fluorescently labeled vesicles were incubated with fibroblasts. Uptake of vesicles into fibroblasts was analyzed by confocal imaging, revealing that both vesicle subtypes are internalized and located in the cytoplasm of fibroblasts in a time-dependent manner (Figure 1D; Figure S1). In addition, 3D reconstructions of the confocal image Z stacks confirmed that vesicles are taken up into fibroblasts and are not only attached to the cell surface (Video S1).

Next to confocal imaging, a potential vesicle-mediated crosstalk between hypoxic cardiomyocytes and fibroblasts was further studied. The conditioned medium of cardiomyocytes was collected and incubated with fibroblasts (Figure 2A). We observed increased expression levels of the profibrotic marker genes Col1a1, Col3a1, Ctgf, and MMP2 when fibroblasts were cultured with hypoxic conditioned medium compared to normoxic conditioned medium (Figures 2B-2E). Stepwise depletion of vesicles out of the medium abolished the profibrotic response in fibroblasts (Figures 2F-2I), indicating that cardiomyocyte-derived vesicles are a major factor in the fibrotic response.

Molecular Therapy: Nucleic Acids

In Response to Hypoxia/Reoxygenation, lncRNAs Are Enriched in Cardiomyocyte-Derived Small and Large Vesicles Non-coding RNAs have been shown to be crucial for the crosstalk between fibroblasts and cardiomyocytes. 10 Here, we investigated changes of the vesicle-based lncRNA transcriptome during normoxia and hypoxia/reoxygenation in cardiomyocytes, as well as their secreted lEVs and sEVs. lncRNA profiling revealed that in both vesicle subtypes and cardiomyocytes, a large amount of lncRNAs were differentially expressed during hypoxia/reoxygenation (Figure 3A). Interestingly, when comparing regulated lncRNAs, only a small amount of lncRNAs-28 upregulated (indicated in red) and 12 downregulated (indicated in green)-showed a shared overlap between cardiomyocytes and both vesicle subtypes (Figures 3B and3C). Suprisingly, only 135 downregulated or 239 upregulated lncRNAs are deregulated in both sEVs and lEVs, indicating a selective packaging and sorting mechanism of lncRNAs into specific vesicle subtypes. After in silico filtering according to stringent selection criteria, such as focus on upregulated lncRNAs which have intergenic localization and human conservation to translate findings in the future to patient data (Figure 3D), only lncRNAs with an abundancy over a certain threshold were considered for further analysis. We identified 7 deregulated lncRNA candidates in large vesicles as well as 7 potential candidates in the sEV fraction (Figures 3E and 3F). Subsequent studies were focused on two lncRNA candidates (Ensembl: ENSMUST00000122745 and Neat1), since these lncRNAs exhibited the highest abundance in cardiac vesicles, suggesting a possible paracrine function.

After validation via qPCR, we measured the gene expression of these two selected candidates in hypoxic cardiomyocytes. We identified both lncRNAs to be hypoxia responsive. In particular, qRT-PCR experiments revealed increased expression levels of ENSMUST00000122745 after 12 h of hypoxia in cardiomyocytes, whereas this effect was attenuated following reoxygenation (Figure 4A). In contrast, the expression level of ENSMUST00000122745 was significantly increased in cardiomyocyte-derived sEVs after hypoxia/reoxygenation (Figure 4B), indicating that this lncRNA might be transported out of the cell via vesicle transfer, leading to reduced intracellular levels. Subcellular fractionation of cardiomyocytes showed that ENSMUST00000122745 is not exclusively expressed in one specific compartment (Figure S2A), indicating various functional roles at different target sites. In addition, even though ENSMUST00000122745 is expressed in the heart, it is also present in other organs, supporting this hypothesis (Figure S2B). In vivo, we confirmed the enrichment of ENSMUST00000122745 in cardiac sEVs and depicted elevated expression levels in cardiac sEVs originated from infarcted hearts compared to sham control hearts (Figure S2C). As overexpression of this lncRNA had no impact on fibroblast function such as apoptosis, migration, or proliferation, we focused our study on a second lncRNA candidate, Neat1.

The lncRNA Neat1 is composed of different transcript variants. First experiments indicated no changes in expression level between the different isoforms; thus, we decided to analyze total Neat1 (data not shown). We identified Neat1 to be hypoxia responsive in cardiomyocytes (Figure 4C). We detected significantly decreased expression levels following a short time of reoxygenation. In contrast, hypoxia/ reoxygenation led to elevated Neat1 levels in cardiac lEVs compared to normoxic vesicles and their secreting cells (Figure 4D). In addition, we found Neat1 almost exclusively chromatin associated under baseline conditions (Figure 4E), pointing to a putative role as a transcriptional regulator of gene expression also in cardiac context. When comparing the amount of Neat1 in subcellular fractions of hypoxic and normoxic cardiomyocytes, Neat1 was shuttled to the cytoplasm during hypoxia, which could be indicative of a different function at the post-transcriptional level during hypoxic conditions (Figure 4F). Consistent with these findings, RNA-FISH (fluorescence in situ hybridization) analysis of cardiomyocytes confirmed a large amount of Neat1 in the cytoplasm of the cell during hypoxia (Figure 4G), compared to normoxic control cells (Figure 4G). Additionally, we found Neat1 ubiquitously expressed in different mouse organs, suggesting also extracardiac effects (Figure S3).

Neat1 Is Regulated by P53 and HIF2A

Because of its dominant role in hypoxic signaling, we tested a potential contribution of the hypoxia-inducible factor (HIF) in the ischemia-derived induction of Neat1. Previous reports described the human homolog of Neat1 induced during hypoxia in human breast cancer cells and to be regulated by HIF-2A. 11 However, the role of HIF in regulating Neat1 expression in cardiac cells remains unknown. Treatment of cardiomyocytes with the HIF stabilizer dimethyloxalylglycine (DMOG) resulted in increased levels of Neat1 (Figure 5A). We also transfected cardiac cells with small inhibitory RNAs (siRNAs) against different subunits of HIF and exposed the cells to normoxic and hypoxic conditions. The knockdown of HIF1A had no significant effect on Neat1 expression, whereas inhibition of HIF2A resulted in decreased Neat1 levels (Figure 5B). Besides the HIF-mediated regulation during hypoxia, Neat1 is also highly abundant under normoxic conditions. Although HIF levels are very low under basal conditions, we examined a potential HIF-dependent regulation during normoxic conditions. Neither knockdown of HIF1A nor HIF2A isoform showed significant changes in Neat1 expression levels (Figure S4). Recent studies revealed that the expression of human Neat1 is regulated by P53. 12 To evaluate whether P53 might regulate the expression during normoxic conditions, cells were treated first with Nutlin-3, an inducer of P53, which led to an increased Neat1 expression. In contrast, a decrease in Neat1 was observed after treatment of cardiomyocytes with an inhibitor of P53 (Pifithrin-a) (Figures 5C and5D). These results confirm that P53 can transcriptionally regulate Neat1 expression in cardiac cells.

Silencing of Neat1 Stalled Cell Cycle and Induced Apoptosis

We further characterized downstream effects of Neat1 in fibroblasts.

GapmeR-mediated knockdown of Neat1 led to an $80% reduction in expression levels (Figure S5A). As we observed a strong effect of cell loss after Neat1 knockdown in vitro, we decided to investigate apoptotic pathways in cardiac cells first. Indeed, Neat1 inhibition increased caspase-3/caspase-7 activity in both fibroblasts (Figure 5I) and cardiomyocytes (Figure S6). Thus, we hypothesized an involvement of Neat1 in signaling pathways during apoptosis events. Next to these observations, a transcriptome analysis of fibroblasts after Neat1 silencing was performed to gain insights into genetic changes mediated by Neat1 knockdown. We detected a massive deregulation of transcripts, and Gene ontology (GO) term enrichment analysis revealed multiple pathways fitting into the picture that Neat1 is a central regulator of DNA damage and repair as well as cell cycle and apoptotic pathways (Figures 5E and S7). To assess an effect on the transcriptional regulation of apoptosis-related genes, expression of P53 and P53 targets (Bak and P21) was analyzed and revealed increased levels after Neat1 silencing (Figure 5F). As activated P53 has pleiotrophic effects such as cell-cycle signaling pathways and RNA sequencing (RNA-seq) showed an involvement in cell-cycle regulation, we tested a potential effect of Neat1 silencing on cell-cycle progression. Fluorescence-activated cell sorting (FACS)-based detection validated the decreased level of cells in G 0 /G 1 phase and increased levels in S and G 2 /M phase following Neat1 inhibition, indicating impaired mitosis (Figure 5G). To obtain information on regulatory genes, mRNA levels of cell-cycle regulators such as CDK1, CDK2, and P27 were measured. Neat1 silencing resulted in decreased levels of the cell-cycle inhibitor P27 and increased levels of cyclindependent kinase (CDK) CDK1 and CDK2 mRNA levels involved in cell-cycle progression (Figure 5F). To validate whether Neat1 functions as a downstream effector of P53 and whether P53 inhibition can rescue the pro-apoptotic effect, we conducted Neat1 modulation experiments with p53-deficient mouse embryonic fibroblasts (MEFs). In this cellular model, Neat1 is also highly abundant, and its expression is, therefore, not entirely dependent on P53 abundance. Additionally, P53 deficiency did not completely attenuate apoptosis www.moleculartherapy.org induction after Neat1 inhibition, indicating that this is, in part, independent of P53 abundance in fibroblasts (Figure S8). In addition to genetic loss-of-function experiments, we targeted P53 with Pifithrin-a at the pharmacological level. This intervention also did not completely rescue the apoptotic effects (Figure S9) but underlined that therapeutic P53 targeting could mildly compensate for Neat1 loss. Taken together, the data show that Neat1 modulated the expression of P53 target genes, cell-cycle regulators and promoted cellular survival.

Neat1 Inhibition Decreased Profibrotic Genes

The key role of fibroblasts is to maintain the homeostasis of the extracellular matrix (ECM) and to control the production of ECM components. 13 Global RNA-seq experiments indicated crucial participation of Neat1 in fibrosis development, as we found deregulated levels of fibrotic-related genes such as AKT3, collagens, matrix metalloproteinases, Timp2, transforming growth factor (TGF)-beta receptor, Lox, or Thrombospondin 2. Thus, we investigated putative changes in the expression of fibrotic-related markers in fibroblasts after Neat1 inhibition and knockdown of Neat1 led to a significant decrease in the expression levels of Col1a1, Col3a1, and MMP2, indicating that Neat1 is essential for fibrosis development (Figure 5H). Another prominent feature of fibroblasts is an endogenous migration capacity involved in wound healing. Applying a scratch assay revealed decreased migration capacity after Neat1 inhibition (Figure 5J).

Neat1 Is Shuttled via Cardiomyocyte-Derived lEVs In Vivo

To translate our in vitro findings, we studied Neat1 abundance in different rodent models. We found Neat1 highly enriched in cardiac myocytes (Figure 6B) and analyzed alterations in Neat1 expression in vivo in a mouse model of MI. Consistent with our in vitro findings, Neat1 is also deregulated in infarcted mouse hearts with a peak induction after a short time of ischemia (Figure 6A). Moreover, we confirmed that Neat1 is also enriched in lEVs mainly originating from cardiomyocytes 14 in vivo and upregulated in cardiac lEVs originated from infarcted hearts compared to sham-operated conditions (Figure 6C).

In Vivo Relevance of Neat1

Next to the profiling of Neat1 expression during cardiac ischemia, we studied the effects of a genetic Neat1 loss in a murine setting of MI. Echocardiographic parameters in Neat1 knockout (KO) mice in the context of MI underlined that knockdown of Neat1 led to an impaired cardiac function with reduced ejection fraction and increased volume, presumably due to cardiomyocyte dysfunction 28 days (Figure 6D), as well as 14 days (Figure S10), post-MI. In addition, we assessed the Molecular Therapy: Nucleic Acids percentages of fibrotic area in Neat1 KO versus WT mice 28 days post-MI as well as sham-operated mice via Picrosirius red staining of left ventricles. We observed a strong trend toward higher fibrosis levels in Neat1-deficient mice compared to those in wild-type (WT) animals (Figure S11A). Supporting this finding, gene expression of fibrosis genes such as Col1a1, Col3a1, and CTGF was increased (Figures S11B-S11D). In agreement with these observations, we found that knockdown of Neat1 displayed reduced contractile force recovery after hypoxia/reoxygenation in a humanized ex vivo model of engineered heart tissue (Figure S12).

Finally, we investigated whether human Neat1 is of clinical relevance and measured its expression in hypertrophic myocardial tissue of aortic stenosis patients and showed that Neat1 is significantly decreased compared to its expression in healthy hearts, suggesting that Neat1 may serve as a future cardiovascular therapeutic target (Figure 6E).

DISCUSSION

Within the past years, small, nanosized vesicles (extracellular vesicles) have been identified as a new facet of microcommunication between different organs or cells. 10,15 Those vesicles gain more and more attention as paracrine effectors and are considered to serve both as novel clinical biomarkers and as novel targets for therapeutic drug development. Evidence is accumulating that EVs not only contain cellular degradation products but also are able to shuttle cell-specific signature cargoes such as ncRNAs to target cells under various physiological and pathological conditions, which highlights even more their therapeutic potential in various disease settings. 16-18 Remarkably, a number of studies suggested that the unique cargo of proteins and microRNAs secreted extracellularly is required for the initiation and progression of cardiac remodeling and is capable of improving heart function. In addition, many studies reported that lncRNAs are actively secreted into the circulation during cardiac remodeling. 19-21 Whether or not such lncRNAs are actively carried by myocardial secreted vesicles in the context of cardiac ischemia remains unknown.

In the present study, we identified a novel intercellular communication route between cardiomyocytes and fibroblasts mediated by the release of EVs in the context of hypoxia. This study also demonstrates that long non-coding RNAs are incorporated into vesicles and shuttled between cardiomyocytes and fibroblasts post-infarction and identifies an indispensable role for lncRNA Neat1 in cardiac fibroblasts. These findings strengthen future perspectives for EVs to serve as endogenous carriers for therapeutic drugs or molecules such as lncRNAs enabling personalized treatment regimes.

Specifically, we showed that cardiomyocytes are able to secrete small and larger EVs and that hypoxia triggered the release of EVs. LncRNA profiling unraveled a large amount of dysregulated lncRNAs in cardiomyocytes, lEVs, and sEVs in response to hypoxia/reoxygenation. Notably, only a small amount was packed in both large and small vesicles, indicating a selective and not random sorting process of a specific lncRNA pattern into different vesicle populations. Finally, we identified two lncRNAs (Neat1 and ENSMUST00000122745) enriched in different vesicle subtypes originating from cardiomyocytes. Whereas ENSMUST00000122745 was rather sorted into small EVs, Neat1 was almost exclusively transported via lEVs. In line with our in vitro results, we also evaluated that both lncRNAs are deregulated in vivo in infarcted mouse hearts and confirmed that, in vivo, Neat1 is also shuttled via lEVs and that ENSMUST00000122745 is shuttled via small vesicle transfer. Although evidence is accumulating that lncRNAs can be incorporated into EVs, the mechanism for how cells select specific lncRNAs for extracellular release remains unclear.

Neat1 is a well-characterized lncRNA and was proven to play a major role in the formation of nuclear paraspeckles. 22 In addition, several studies showed altered expression levels in human malignant diseases, including gastric cancer, lung cancer, and breast cancer. 11,23 As Neat1 induction is associated with cellular stress conditions, it has been speculated that Neat1 is involved in the cellular stress response. In our study, we identified Neat1 to be a hypoxia-sensitive lncRNA in cardiomyocytes, in agreement with studies of human Neat1 in cancer cells. Recent studies have identified a large number of lncRNAs such as H19 and HOTAIR to be regulated by hypoxia, specifically by the transcription factor HIF. 24,25 In line with our results, a recent study reported Neat1 regulation by HIF2A. 11 Mechanistically, we could show here that Neat1 is a downstream target of HIF2A under hypoxic conditions. Although both isoforms have the same binding site in the Neat1 promoter region and are binding together in a complex to the HIF response elements, the hypoxic induction of Neat1 is predominantly regulated by HIF2A. At the basal level, Neat1 is also highly abundant. Recently, some reports explored a P53 dependency of Neat1 expression for the human homolog and provided evidence for the binding of P53 to the promoter region. 12,26 Consistent with these studies, we observed that inactivation of P53 decreased Neat1 expression and activation of elevated Neat1 levels in murine cardiac cells. Some studies already provided evidence that lncRNAs not only are activated or suppressed by P53 but can also mediate the downstream effects of P53 by transcriptional regulation of target genes in the P53 pathways. 27,28 Therefore, we speculated on participation in P53 signaling routes. Indeed, we found higher levels of apoptosis in fibroblasts and cardiomyocytes as well as an increased gene expression of the proapoptotic factor Bak after Neat1 knockdown. We next evaluated whether P53 deficiency could attenuate the intrinsic apoptotic signaling induced by Neat1 loss. However, P53 loss did not completely rescue for the phenotype, indicating also independent regulatory mechanisms. Besides the pro-apoptotic consequences after Neat1 silencing, we identified an involvement in cell-cycle progression. Cardiac cells arrest in the G 2 /M phase and do not complete or enter into mitosis, presumably via higher expression of cell-cycle regulators such as CDK1 and CDK2.

We also evaluated the function of Neat1 in fibroblasts via RNA-seq and confirmed that its inhibition strongly affects key fibroblast features such as response to DNA damage, DNA repair, apoptosis signaling, and fibrosis. We further validated the main characteristics www.moleculartherapy.org and found that fibroblasts lose their ability to migrate and repress fibrotic-related genes upon silencing Neat1, suggesting that Neat1 is essential for the expression of ECM components and the maintenance of heart function. In accordance with our results, recent studies observed that Neat1 affects ECM protein secretion in mesangial cells 29 and collagen expression in liver fibrosis. 30 In-depth analysis of RNA-seq data revealed a key cell regulator, Akt, which can also be connected to fibrosis, as one of the top 10 deregulated genes after Neat1 silencing. In line with this, we also detected several other genes that can be linked to AKT pathways to be deregulated, including phosphatidylinositol 3-kinase (PI3K) components and PTEN, indicating that Neat1 controls subsequent downstream responses including cell survival, growth, fibrosis, proliferation, and migration via modulation of AKT activation. In agreement with this hypothesis, a recent work demonstrated that Neat1 repression led to decreased proliferation and fibrosis in diabetic nephropathy via activation of the Akt/mTOR signaling pathway. 31 To further investigate whether cardiomyocyte-derived vesicles are crucially involved in the paracrine action, we validated that the conditioned medium of hypoxic cardiomyocytes triggered a profibrotic response and that lncRNA-enriched cardiomyocyte-derived vesicles are taken up into fibroblasts. Whether the uptake and subsequent release of EVs to the cytoplasm contribute to cytoplasmic NEAT1 function still needs to be determined.

Finally, we evaluated the systemic function of Neat1 in vivo in a mouse model of MI. Cardiomyocyte apoptosis is a major event directly after MI, and, indeed, Neat1 loss-of-function caused cardiomyocyte apoptosis in vitro. In line with this, Neat1 expression was mainly increased 24 h after MI, indicating an involvement in both apoptosis and necrosis. Because we observed global impact on cardiac remodeling, including alteration of cardiomyocyte and fibroblast biology, we suggest studying a cardiomyocyte-specific KO for EV generation and outcome. Recently, it was also shown that Neat1 can modulate immune cell function post-MI, 32 highlighting another aspect of cardiac remodeling. Genetic loss of Neat1 triggered a worsening of heart function in Neat1 KO animals post-MI. A future therapeutic strategy would not be lowering cardiac Neat1 level but, rather, overexpressing this lncRNA and applying Neat1-enriched EVs to the heart in a model of MI. Despite the fact that the research field of EVs has emerged in previous years from initial in vitro studies and pre-clinical reports to early clinical trials, we are currently still in the infancy of understanding the precise mechanism and their exact role. In addition, several milestones have to be overcome before entering clinical settings, such as optimizing isolation techniques, heart-specific delivery, and finding a suitable source of vesicles for large-scale production. However, as EVs have been shown to be capable of improving heart function as well as heart regeneration and are released into the circulation in patients, the use of vesicles as biomarkers or the therapeutic modulation by, e.g., drug loading into vesicles is very promising. In addition, several studies reported that Neat1 can serve as a predictor of poor clinical outcome and might be an important prognostic biomarker in different cancer types. 33,34 We identified that human Neat1 is of interest in clinical scenarios of cardiovascular diseases, as we detected decreased levels in aortic stenosis patients. Despite these findings, one has to keep in mind that these studies are only performed in a small cohort and have to be validated in larger settings. It would be also of great importance to determine the expression during the progression of the disease in order to evaluate the potential to serve as a predictor of poor survival or overall clinical outcome.

Collectively, this study provides a new concept of a paracrine cardiac communication system during hypoxic stress conditions mediated by lncRNA-enriched vesicles and opens a wide range of future diagnostic and therapeutic options.

MATERIALS AND METHODS

A detailed description of methods can be found in the Supplemental Materials and Methods.

Cell-Culture Experiments HL-1 cells, a murine atrial cardiac muscle cell line, were cultured in Claycomb medium (Sigma Aldrich, Munich, Germany) supplemented with 10% fetal bovine serum (FBS) (Sigma Aldrich, Munich, Germany), 1% penicillin/streptomycin (100 U/mL; 100 mg/mL; Sigma Aldrich), 0.1 mM norepinephrine (Sigma Aldrich, Munich, Germany), and 2 mM L-glutamine (Sigma Aldrich, Munich, Germany). NIH 3T3 mouse fibroblasts were cultured in DMEM supplemented with 10% FBS (Sigma Aldrich, Munich, Germany) and 1% penicillin/streptomycin (100 U/mL; 100 mg/mL; Sigma Aldrich, Munich, Germany). The cells were cultured in a humidified incubator with 21% O 2 and 5% CO 2 at 37 C. For loss-of-function studies, LNA GapmeRs (Exiqon, part of QIAGEN, Venlo, the Netherlands) against Neat1 (5 0 -TACCATCAGCCTTTAG-3 0 ) or a negative control (5 0 -AACACGTCTATACGC-3 0 ) were used. NIH 3T3 cells were transiently transfected with 50 nM GapmeR using X-treme-GENE HP Transfection Reagent (Sigma-Aldrich, Munich, Germany). In order to evaluate the upstream mechanisms of Neat1 expression, HL-1 cells were transfected with siRNA against HIF1A (Santa Cruz Biotechnology, Santa Cruz, CA, USA, # sc-35562), HIF2A (Thermo Fisher Scientific, #4390771, Darmstadt, Germany), or the corresponding negative controls using Lipofectamine 2000 (Invitrogen, Karlsruhe, Germany). For hypoxia experiments, the HL-1 cells were cultured in media supplemented with 5% exosome-depleted FBS after incubation in fully supplemented medium (10% FBS) for 24 h. To induce hypoxia, the cells were grown in a humidified incubator with 5% CO 2 and 0.2% O 2 at 37 C for 24 h following 4 h reoxygenation under normoxic conditions with 21% O 2 , if not indicated otherwise. The cells that served as a control group were cultured for the same time period at normoxic conditions.

Extracellular Vesicle Isolation

The supernatant of HL-1 cells was collected, and extracellular vesicles were purified by differential centrifugation steps and Molecular Therapy: Nucleic Acids ultracentrifugation. In brief, the conditioned medium was centrifuged at 300 Â g for 10 min at 4 C to remove cellular debris, 2,000 Â g for 20 min at 4 C to isolate apoptotic bodies, and 16,500 Â g for 20 min at 4 C to purify lEVs. After the isolation of lEVs, the remaining supernatant was filtered through a 0.22-mm filter. For small EV isolation, the supernatant was additionally ultracentrifuged at 100,000 Â g for 70 min. Protein content was measured using the MicroBCA protein assay (Thermo Fisher Scientific, Darmstadt, Germany). The lEVs and sEVs were analyzed by western blot as previously described, and nanoparticle tracking analysis was carried out using the LM10 unit (Nanosight). For uptake experiments, EVs were labeled with the PKH67 Green Fluorescent Cell Linker Kit (Sigma-Aldrich, Munich, Germany) according to the manufacturer's protocol, with minor modifications. Briefly, 7.5 mgo fa n EV subtype was mixed with 1 mL diluent C. Then, 4 mLP K H 6 7 dye was added to 1 mL diluent C (2Â dye solution) and gently mixed with the EV/diluent C solution and incubated for 4 min. Subsequently, 1 mL 0.5% BSA in PBS was added and incubated for 5 min to allow binding of the dye. The solution was centrifuged for 70 min at 100,000 Â g (for sEVs) or 20 min at 16,500 Â g (for lEVs), and the pellet was diluted in cell-culture medium. 7.5 mg EVs were used for further experiments.

Animal Studies

Animal studies were performed in accordance with the relevant guidelines and regulations of the responsible authorities (governmental animal ethics committee LAVES). For all animal experiments, we used 8-to 10-week-old male C57Bl6 mice. Neat1 KO have been described previously. 35 Permanent Ligation of LAD (Myocardial Infarction)

Mice were anesthetized by 2%-3% isoflurane mixed with O 2 in an induction chamber. The neck and chest area was shaved and disinfected with betadine and alcohol. Mice were intubated via intratracheal cannula and fixed in the supine position to a heating pad (temperature was maintained at 37 C) and under an operating microscope. The trachea cannula was then attached to a small animal respirator, and the animal was ventilated at 100/min with a 150-mL stroke volume.

After adequate analgesia (Torbugesic Vet [Butorphanol] and Novalgin [Metamizol]), a horizontal skin incision approximately 0.5-1.0 cm in length was made laterally over the second and third ribs. After thoracotomy, the thyroid and lung were retracted, allowing for visualization of the anterior wall of the left ventricle under lowpower magnification. A 7/0 silk suture was inserted in the myocardium and passed under the left anterior descending branch of the left anterior descending artery (LAD), and the suture was tied around.

Significant color changes at the ischemic area were considered indicative of successful coronary occlusion. The sham procedure was identical, except that the coronary vessel was not ligated.

Statistics

All experiments were performed as described in the corresponding figure legends. In general, in vitro experiments were performed in 3 independent experiments with 3 biological replicates/wells per inde-pendent experiment (n = 3) unless stated otherwise. Data are presented as mean of independent experiments/independent samples ± SEM. GraphPad Prism 6 (GraphPad Software) was used to perform statistical analysis. For statistical comparison of two groups, unpaired two-tailed Student's t test was used. For comparison of three or more groups, a one-way ANOVA followed by Tukey's post-test was applied. A p value of 0.05 or lower was considered to be significant in all experiments. targets. The miRNAs of interest will be investigated further in vitro for their functional impact.

In control mice, release of lEVs and sEVs was significantly increased at 24h post-MI when compared to shams. Similarly, levels of lEVs in HFD mice were significantly higher compared to sham and control mice post-MI. There were no differences in sEV release between sham and MI diabetic mice. TRPS analysis revealed that diabetes does not alter EV size/population. High-sensitivity flow cytometry demonstrated that the majority of intracardiac lEVs expressed caveolin-3, a marker of cardiomyocyte origin. Both control and HFD mice derived EVs also harboured cardiac Troponin T and EV markers such as tetraspanin (CD9) and cytosolic markers (HSC70). RNAseq revealed that different miRNAs were upregulated in lEVs and sEVs in MI mice as compared to sham, indicating difference in content of the 2 types of EVs. qPCR analysis demonstrated the downregulation of miRs 146a-5p and 503-5p expression in HFD derived lEVs compared to control and the upregulation of miR-378a-5p expression in both EV subsets. Levels of intracardiac GFP+Cav-3+ lEVs were lower in HFD than in control mice, whereas levels of circulating GFP+Cav-3+ lEVs were higher in HFD than in control mice. Co-culture of splenocytes isolated from HFD and control mice post-MI with HL-1 EVs revealed a preferential uptake by myeloid cells, with an increase in uptake in diabetic spleens than in control spleens post-MI. Further investigations are needed to define specific targeted splenic myeloid subpopulations.

Our results demonstrate that diabetes modulates the release of intracardiac EVs post-MI, as well as their miRNA cargo. Furthermore, diabetes also increases the release of cardiomyocyte-derived EVs into the circulation as well as their uptake by splenic myeloid cells. Further work is warranted to fully investigate the functional impact of the miRNA of interest in intra-cardiac EVs in the diabetic heart post-MI. 
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Figure 2 :

 2 Figure 2: Schematic flow of LV remodelling post-MI. ECM: extracellular matrix. (Brenner and Ertl 2012).

Figure 3 :

 3 Figure 3: Kinetic study of infiltration of types of inflammatory cells in mice post-MI. Adapted from Silvestre et al. 2013.

Figure 4 :

 4 Figure 4: The Complement Cascade. Schematic representation of the classical, lectin and alternative pathways involved in the complement cascade, showing the involvement of anaphylatoxins C3a and C5a in inflammation(Trouw, Pickering, and Blom 

Figure 5 :

 5 Figure 5: GLUT4 Translocation to Plasma Membrane via Insulin Signalling. Schematic showing the insulin signalling pathway leading to the translocation of GLUT4 from the cytosol to the cell membrane enabling glucose uptake.

Figure 7 :

 7 Figure 7: Flowchart depicting the detrimental cascade of events deriving from chronic hyperglycaemia leading to cardiomyocyte apoptosis, forming a self-perpetuating loop involving leukocyte infiltration and cytokine release.

Figure 8 :

 8 Figure 8: Schematic of diameter sizes and densities of different types of extracellular vesicles including microvesicles and exosomes based on their biogenesis mechanisms[START_REF] Mathieu | Specificities of Secretion and Uptake of Exosomes and Other Extracellular Vesicles for Cell-to-Cell Communication[END_REF]).

Figure 9 :

 9 Figure 9: Mechanism of microvesicle biogenesis. Negatively charged phosphatidylserine is externalised with the aid of proteins floppase, flippase, scramblase and calpain, leading to membrane blebbing and microvesicle formation. Adapted from Zaldivia et al. 2017.

Figure 10 :

 10 Figure 10: Mechanisms of exosome biogenesis via either the ESCRT-dependent or ESCRT-independent pathway via the formation of multivesicular bodies (Catalano and O'Driscoll 2020).

  described by Henne, Stenmark and Emr. An extensive RNAi screening targeting 23 ESCRT and associated proteins in HeLa cells was performed by Colombo et al. in 2013 by trapping HeLa cell-derived exosomes post shRNA transfection with anti-CD63 (tetraspanin) beads and utilising anti-CD81 (tetraspanin) and anti-HLA-DR (MHC II) antibodies for detection with flow cytometry. Seven ESCRT proteins that modulated exosome secretion were identified: tumour susceptibility gene 101 protein (TSG101), Hrs, signal-transducing adaptor molecule 1 (STAM1), VPS32 also known as CHMP4C, ALG-2 interacting protein X (ALIX), VPS20-associated protein 1 (VTA1) and VPS4B. Colombo et al. showed that when ESCRT-0 proteins TSG101 and Hrs as well as the ESCRT-I protein STAM1 were depleted, exosome secretion was reduced. Depletion of VSP32, VPS4B, VTA1 and ALIX, conversely increased secretion. Validation with Western blot demonstrated that the silencing of ALIX, however, seem to only modulate the composition of exosomes instead of secretion, therefore suggesting that the effect is linked to cargo loading.
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 11 Figure 11: Mechanisms in which extracellular vesicles are taken up by their acceptor cells. This includes clathrin-, caveolin-or lipid raft-dependent endocytosis, phagocytosis, micropinocytosis and membrane fusion.[START_REF] Mulcahy | Routes and Mechanisms of Extracellular Vesicle Uptake[END_REF] 
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 122 Figure 12: Representation of extracellular vesicle cargo sorting. miRNA can be loaded into vesicles by post-translational modifications (PTMs)[START_REF] Anand | Ticket to a Bubble Ride: Cargo Sorting into Exosomes and Extracellular Vesicles[END_REF] 

  hypoxia/reoxygenation resulted in a change in the amount of a set of common proteins when compared to control cardiomyocytes. These proteins included HSP-60, valosin-containing protein (VCP), tropomyosin-α, myosin-binding protein C, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), myomesin and α-Crystallin B chain. Interestingly, HSP-90 and HSP-27 was found only in hypoxic EVs. Additionally, Yu et al. confirmed the presence of tumournecrosis factor-α (TNF-α) in cardiomyocyte derived EVs due to the activation of hypoxiainducible factor-1α (HIF-1α) that led to an upregulation of apoptosis of cardiomyocytes(Yu et al. 2012).To date, there are only a few studies shedding light on the release of CMEVs either into the circulation or locally in the heart in the context of myocardial ischaemia. A study performed by Akbar and colleagues showed that the concentration of circulating plasmaderived EVs increase proportionally with the extent of myocardial injury (determined by MRI oedema quantification) in STEMI patients. With a murine model of MI, the group also observed an increased two-fold concentration in circulating CD63+CD9+ EVs as early as 24 hours post-MI as compared to baseline sans MI. It was found that these circulating EVs harboured endothelial cell markers such as CD31 and vascular cell adhesion molecule (VCAM)1 and that there was an increase in the concentration of endothelial cell-derived EVs in MI animals compared to uninjured. However, the group did not investigate deeper into cardiomyocyte-derived EVs[START_REF] Akbar | Endothelium-Derived Extracellular Vesicles Promote Splenic Monocyte Mobilization in Myocardial Infarction[END_REF].Despite this, myocardial infarction has been successfully evidenced to be one of the stimuli that triggers the release of CMEVs. The release of CMEVs post-MI was studied by Rodriguez et al. The group collected platelet free plasma (PFP) from the mouse ventricles that have undergone MI by permanent ligation of left anterior descending artery (LAD) at 3 days, 15 days and 30 days post-ligation. The PFP was then analysed for EV characterisation using flow cytometry. By utilising anti-connexin 43 antibody as a cardiomyocyte marker, they observed a 35% increase in CMEV release into the circulation and only achieving significance of increase at 15 days post-MI. However, the group did not enrich EV concentration via EV isolation methods i.e. ultracentrifugation. Moreover, there was an absence of common EV markers such as Annexin V or tetraspanins to verify that the samples were indeed extracellular vesicular in nature[START_REF] Rodriguez | Selective Increase of Cardiomyocyte Derived Extracellular Vesicles after Experimental Myocardial Infarction and Functional Effects on the Endothelium[END_REF]. Our lab however, previously displayed evidence that in an MI murine model, CMEVs are released into the heart post-MI and these EVs not only expressed EV markers Annexin V by flow cytometry, but also HSC70, CD63 and CD9 by Western blot. More importantly, cardiomyocyte origin was also revealed by the presence of Caveolin-3 by flow cytometry and cardiac troponin by Western blot. We also demonstrated that MI resulted in an increase in the intracardiac secretion of CMEVs with a peak between 15 to 24 hours post-MI as compared to sham animals, which saw a decrease over time, reaching baseline levels at 48 to 72 hours post-MI. It should be noted that this was the first of its kind of study to demonstrate in situ release of CMEVs into the infarcted tissue in an MI context(Loyer et al. 2018).

  Chaturvedi et al. has decided to perform a study on the release of CMEVs during exercise. miR-29b and miR-445 were found to be upregulated in exercise stimulated CMEVs and these miRNAs led to the prevention of fibrosis development and separation of myocytes in the heart due to an inactivation of matrix metalloproteinase 9 (MMP9). In patients with T2D, a study showed that plasma rich plasma (PRP) contained EVs that are of endothelial cell origin as well as platelet origin by the detection of CD42a (platelet glycoprotein IX) and CD51 [detects platelet-endothelial cell adhesion molecule (PECAM-1)] respectively. Determination of EV

  internalisation of thoracic aortic constriction (TAC)-induced rat derived-CMEVs harbouring an overexpression of miR-217 by fibroblasts. This resulted in the promotion of heart fibrosis by augmenting fibroblast activation and proliferation by targeting PTEN[START_REF] Nie | MiR-217 Promotes Cardiac Hypertrophy and Dysfunction by Targeting PTEN[END_REF]. In terms of endothelial cell and cardiomyocyte crosstalk, CMEVs from diabetic rats were found byWang et al. to have a deficit in miR-126 and an abundance of miR-320 which regulated Ets2, insulin growth factor (IGF)-1 (IGF-1) and HSP20 in endothelial cells. This eventually resulted in a decrease in their tube-like formation, migration as well as proliferation[START_REF] Wang | Cardiomyocytes Mediate Anti-Angiogenesis in Type 2 Diabetic Rats through the Exosomal Transfer of MiR-320 into Endothelial Cells[END_REF]).

Figure 13 :

 13 Figure 13: Representation of protein content in cardiomyocyte-derived EVs from glucose-starved cardiomyocytes (right half)and control (left half). Adapted from[START_REF] Garcia | Glucose Starvation in Cardiomyocytes Enhances Exosome Secretion and Promotes Angiogenesis in Endothelial Cells[END_REF] 

  that lays the foundation of overall cardiac health. The group ofCombes et al. was the first to describe the release of microparticles by endothelial cells via the stimulation of TNF-α[START_REF] Combes | In Vitro Generation of Endothelial Microparticles and Possible Prothrombotic Activity in Patients with Lupus Anticoagulant[END_REF]. Apart from that, endothelial cells were also demonstrated to respond to a variety of stressors such as LPS, plasminogen activator inhibitor and C-reactive proteins among others (Dignat-George and Boulanger 2011) to secrete EVs that participate in establishing communication between endothelial cells as well as other cardiac constituent cells.In 2010, Sheldon et al. demonstrated the role of vascular endothelial cell-derived EVs in modulating angiogenesis. The group overexpressed delta-like 4 factor (Dll-4) in endothelial cells and found that their corresponding EVs also harboured Dll-4. When co-cultured with vascular endothelial cells, overexpressed Dll-4 containing EVs elicited an angiogenic response by inhibiting the Notch pathway as compared to control EVs, suggesting a mechanism of signal regulation sans the requirement of the classical cell-to-cell contact[START_REF] Sheldon | New Mechanism for Notch Signaling to Endothelium at a Distance by Delta-like 4 Incorporation into Exosomes[END_REF]. miR-214 is another miRNA that was found to be 3-fold richer in endothelial cell-derived EVs as compared to their parent cells. When EVs containing miR-214 were internalised by recipient endothelial cells, a downregulation of a kinase called ataxia telangiectasia mutated (ATM) and consecutively promoted cell replication; conversely, a co-culture of recipient endothelial cells with anti-miR-214 EVs increased production of ATM. This thus signifies that the presence of miR-214 in the endothelial cell-derived EVs and the transfer of this miRNA to recipient endothelial cells is angiogenic in nature and hampers cell senescence (van[START_REF] Balkom | Endothelial Cells Require MiR-214 to Secrete Exosomes That Suppress Senescence and Induce Angiogenesis in Human and Mouse Endothelial Cells[END_REF].Similar to cardiomyocytes, endothelial cells also secrete EVs that are altered content wise when subjected to stressors. In a study byde Jong et al. in 2012, vascular endothelial cells were subjected to either hypoxia, TNF-α or hyperglycaemia. In hypoxic conditions, endothelial cell-derived EVs were richer in proteins such as collagen and fibronectin, suggesting their role in extracellular matrix remodelling. The mRNA content of these EVs were also enriched specifically those linking to genes involved in stress response such as cold-inducible RNA binding protein (CIRP) and N-myc downstream regulated 1 (NDRG1) as well in apoptosis such as BCL2/adenovirus E1B 19 kDa protein-interacting protein 3 (BNIP3). Inflammation mimic TNF-α resulted in the upregulation of ICAM-1 and TNF-α induced protein 3 (TNFAIP3), both proteins that are normally modulated in endothelial cells in the presence of TNF-α. There was also an enrichment of genes which are involved in superoxide protection [superoxide dismutase 2 (SOD2)], the TNF-κB pathway [NF-κB, TNFAIP3-interacting protein 1 (TNIP1)] and the immune response (IL-8, IL-32, CCL2). Interestingly, no significant changes were found when endothelial cells were treated with hyperglycaemic EVs (de[START_REF] Jong | Cellular Stress Conditions Are Reflected in the Protein and RNA Content of Endothelial Cell-Derived Exosomes[END_REF]).

Figure 14 :

 14 Figure 14: Venn diagram of proteomics data showing protein content comparison between cardiac fibroblast lysates, cardiac fibroblast-derived EVs and cell supernatant in (A) normoxic conditions and (B) hypoxic conditions. Adapted from Cosme et al., 2017.

  al in 2018 suggested that the cardioprotective capacity of CPC-derived EVs could be resulting from the presence of pregnancy-associated plasma protein-A (PAPP-A) on their surface. The release of an essential cardioprotective factor, IGF-1, is promoted by the cleavage of insulin-like growth factor binding protein-4 (IGFBP-4) and by the active form of PAPP-A. In addition, CPC-derived EVs were shown to promote the phosphorylation of IGFR and intracellular Erk1 and 2 in cardiomyocytes treated with staurosporine[START_REF] Barile | Cardioprotection by Cardiac Progenitor Cell-Secreted Exosomes: Role of Pregnancy-Associated Plasma Protein-A[END_REF]).

Figure 15 :

 15 Figure 15: miR-146a plays a role in compromising heart function post-MI. (A) miR-146a KO mice had significantly implicated LV ejection fraction as compared to WT mice or miR-146a KO mice injected with a miR-146a mimic (miR-146a KO-R) post-MI. (B) Representative Masson's trichrome stained LV sections showing impairment of tissue regeneration post-MI in miR-146a KO mice. (C-E) Analysis revealed a reduced beneficial effect of CDC-derived EVs in miR-146a KO mice in the measurements of scar mass, viable mass as well as infarct wall thickness (IWT). *p<0.05, p**<0.01, p***<0.001(KO vs. WT). ¶p<0.05, ¶ ¶p<0.01 and ¶ ¶ ¶p<0.001 (KO vs. KO R). Data are represented as SEM. Adapted from[START_REF] Ibrahim | Exosomes as Critical Agents of Cardiac Regeneration Triggered by Cell Therapy[END_REF] 
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 162 Figure 16: A schematic representation of our thesis hypothesis showing 1) how the initial myocardial infarction of the left ventricle releases intracardiac extracellular vesicles that 2) are released into the circulation and contain miRNA content. 3) These EVs then target the spleen and are taken up by immune cells that 4) modulate inflammation post-MI in a diabetic mouse model.

  cellular origin of these vesicles, phenotyping of these vesicles will be performed using high-sensitivity flow cytometer to investigate the presence of cardiomyocyte (Caveolin 3+)-, endothelial cell (CD31+/CD41-)-, platelet (CD41+)-, fibroblast (CD90.2+)-, erythrocyte (TER119+)-and leukocyte (CD45+)-derived lEVs with the utilisation of Annexin V for characterising lEVs. Additional characterisation of lEVs and sEVs will be performed by Western blot to validate presence of cardiac marker, cardiac Troponin-T as well as tetraspanins such as CD9 and cytosolic HSC70. (II) Identification of the miRNA content of intracardiac EVs in post-MI diabetic hearts. Intercellular communication mediated by extracellular vesicles is crucial for preserving vascular integrity and in the development of cardiovascular disease. In the recent years, several reports came up suggesting that major cardiovascular and metabolic pathologies like atherogenesis, heart failure, or diabetes are highly influenced by transfer of microRNAs via extracellular vesicles leading to altered protein expression and phenotypes of recipient cells. By extracting miRNA from intracardiac lEVs and sEVs from control MI and sham mice, we would then subject the miRNA to RNA sequencing to identify and select which miRNAs are significantly upregulated post-MI. Selected miRNAs will then be validated by qPCR and expression will be measured in EVs from diabetic MI/sham mice enabling us to identify whether diabetes modulates the selected miRNA(s) post-MI. (III) Definition of target cells of cardiomyocyte-derived EVs post-ischaemia in post-MI diabetic spleen. Extracellular vesicles involved in communication are able to perform their role either locally or at distant. The spleen and immune cells such as monocytes and B cells have been shown to play a role in the paths of extracellular vesicle communication post-MI, leading to the modulation of inflammation. By exploiting cardiac specific actin GFP mice where only the cardiomyocytes and their resulting EVs are GFP positive, intracardiac lEVs will be validated using high-sensitivity flow cytometry to detect the presence of GFP+Caveolin 3+
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 17 Figure 17: Inverse T-incision on supine mouse.

Figure 18 :

 18 Figure 18: Preparation of mouse platelet free plasma from whole blood by differential centrifugation.

Figure 19 :

 19 Figure 19: Isolation of circulating lEVs and sEVs post-SEC by using differential centrifugation methods.

Figure 20 :

 20 Figure 20: Isolation of infarcted tissue just underneath the permanent ligation of the LAD used for cardiac EV isolation in MI mice.

Figure 21 :

 21 Figure 21: Isolation of intracardiac lEVs and sEVs by using differential centrifugation methods.

  serve as a counterpart to our in vivo experiments which involves infarcted mouse cardiac tissue. All experiments utilising HL-1 cells were between Passage 65 to Passage 67 and cultured in fibronectin-gelatine coated flasks containing Claycomb Medium (Cat# 51800C, Merck, Germany) supplemented with foetal bovine serum (FBS) (Cat#10270-106, Thermo Fisher Scientific, USA), Penicillin/Streptomycin (P/S) (Cat# 15140122, Thermo Fisher Scientific, USA), Norepinephrine [(±)-Arterenol] (Cat# A0937, Merck, Germany) and L-glutamine 200 mM (Cat# G7513, Merck, Germany) in the following concentrations in Table

  Zealand). By applying a combination of voltage and pressure, EVs, when suspended in an electrolyte, Solution Q (PBS-T 0.02%), are directed through nanopores. When an EV passes through the nanopore, it causes a blockade signal that is then detected and measured by the IZON Control Suite software (Ver. 3.2). EV size is measured by the blockade magnitude and the concentration is measured by the blockade frequency. The blockade magnitude and frequency are then converted into their corresponding EV properties by calibration with beads of known size and concentration.

Figure 23 :

 23 Figure 23: Concept of how extracellular vesicles are characterised in terms of size and concentration by utilising Tunable Resistive Pulse Sensing technology with qNano Gold. (www.izon.com/how-trps-works/)

Figure 24 :

 24 Figure 24: lEV gating strategy using Gigamix beads.

qPCR

  EV derived cDNA was diluted 30x with RNAse free H2O and 4 µl of working cDNA template was added to 5 µl of SensiFast SYBR Hi-ROX Mix (Cat# BIO-92020, Bioline, UK) and 1 µl of intended resuspended primer mix to create a final volume of 10 µl of total reaction mix for qPCR. Samples were prepared in 96-well semi-skirted qPCR FrameStar FastPlates (Cat# 4ti-0910/C-DBC, 4titude, UK), centrifuged briefly and measured using StepOnePlus Real-Time PCR System (Thermo Fisher Scientific, USA). The cycling conditions are as follows: PCR initial heat activation for 2 minutes at 95°C, 2-step cycling consisting of denaturation for 10 seconds at 95°C and combined annealing/extension for 60 seconds at 56°C for a total of 40 cycles. Ramp rate was set at maximal or fast mode. Melting curve was analysed at 60-95°C. Initial data analysis was then performed by using StepOne Software (v. 2of intracardiac EVs, cardiac α-actin-GFP+ diabetic or control mice on C57Bl/6J background were subjected to MI for 24 hours or underwent sham procedures. WT C57Bl/6J were used as control animals. As only cardiomyocytes were GFP+, their resulting EVs would also harbour GFP+ vesicles, as demonstrated by Loyer et al. As EVs are known to play a role in cell-cell communication and intracardiac EVs have been demonstrated to shape inflammation post-MI, we hypothesise that these intracardiac EVs are released from the heart and travel to the spleen where there is a plethora of inflammatory cells such as T and B lymphocytes, monocytes, granulocytes, dendritic cells, natural killer (NK) cells and macrophages.

Figure 25 :

 25 Figure 25: Gating strategy of GFP+ intracardiac lEV population in cardiac α-actin-GFP+ mice (right half) by verifying GFP absence in intracardiac lEVs of WT mice as control (left half).

Figure 26 :

 26 Figure 26: Gating strategies with the Amnis ImageStream x imaging flow cytometer using Megamix SSC beads to gate for sEVs and subsequently Megamix FSC beads to gate for lEVs.

Figure 27 :

 27 Figure 27: Splenocyte isolation from spleen of diabetic and non-diabetic mice 24 hours post-MI and co-culture of splenocytes and Lipilight labelled normoxic and hypoxic HL-1 cell-derived lEVs and sEVs.

Figure 28 :

 28 Figure 28: Gating strategies for detection of splenic subpopulations by flow cytometry.

Figure 29 :

 29 Figure 29: Kinetic study of intracardiac lEV release. lEV intracardiac release for 72 hours post-MI in (A) sham non-diabetic (open black circles) and MI non-diabetic mice (closed black circles) and (B) sham diabetic (open red circles) and MI diabetic mice (closed red circles) analysed by TRPS. (C) Merged data for non-diabetic and diabetic mice. Data normalised to milligram of tissue and expressed as mean ± SEM. n=4 to 11 animals per time point. *p<0.05 vs corresponding sham, **p<0.01 vs. corresponding sham, #p<0.05 vs. non-diabetic MI.

  al. showed that there is a transient increase 24-hour post MI in the release of both lEVs and sEVs in C57B6 mice as compared to sham animals, we wanted to investigate whether there is a modulation of diabetes in the context of MI in terms of the concentration of intracardiac release of EVs. We therefore generated a kinetic study on the release of intracardiac EVs, 4 groups of mice were subjected to either MI or sham procedures with at least n=5 per group/timepoint. These groups are: MI non-diabetic, Sham non-diabetic, MI diabetic and Sham diabetic. Timepoint wise, infarction period was sustained for either 15 hours, 24 hours, 48 hours, 72 hours or did not undergo any MI or sham procedures.For non-diabetic large EVs, we observed an increase in the release of intracardiac lEVs in all post-MI timepoints as compared to control. We also found a transient peak at 24 hours in the MI group (closed black circles) as compared to sham group (open black circles) from 2.1

Figure 30 :

 30 Figure 30: Kinetic study of intracardiac sEV release. sEV intracardiac release for 72 hours post-MI in (A) sham non-diabetic (open black circles) and MI non-diabetic mice (closed black circles) and (B) sham diabetic (open red circles) and MI diabetic mice (closed red circles) analysed by TRPS. (C) Merged data for non-diabetic and diabetic mice. Data normalised to milligram of tissue and expressed as mean ± SEM. n=4 to 11 animals per time point. **p<0.01 vs. non-diabetic sham, ##p<0.01 vs. nondiabetic MI.

Figure 31 :

 31 Figure 31: Intracardiac EV size distribution analysis. (A) Representative size distribution analysis by tunable resistive pulse sensing (TRPS) of lEVs from control and diabetic ischemic and sham murine cardiac tissue 24-hour post-MI (left half) and sEVs from control and diabetic ischemic and sham murine cardiac tissue 24-hour post-MI (right half). (C) Mode of diameter size (nm) of intracardiac lEVs and sEVs at 24 hours post-MI. Data is expressed as mean ± SEM. ****p<0.001.

Figure 32 :

 32 Figure 32: Intracardiac EV population percentage analysis. Representative population percentage analysis by tunable resistive pulse sensing (TRPS) of (A) lEVs from control and diabetic ischemic and sham murine cardiac tissue 24-hour post-MI, (B) sEVs from control and diabetic ischemic and sham murine cardiac tissue 24-hour post-MI.

  . showed that cardiomyocytes and endothelial cells are the most abundant cells in the heart. This is translated into their corresponding intracardiac lEV populations as evidenced byLoyer et al. who demonstrated that most of the intracardiac lEVs are indeed of cardiomyocyte origin (caveolin 3+) and endothelial cell origin (CD31+CD41-) by flow cytometry in murine hearts. Furthermore, they also demonstrated that MI significantly increased cardiomyocyte and endothelial cell derived lEVs as compared to sham animals. We, therefore, wanted to observe whether diabetes modulates the population percentage of intracardiac lEVs based on their parent cell origin.

Figure 33 :

 33 Figure 33: Gating strategy of intracardiac lEV population from total events (left half) and verifying absence of autofluorescence (right half) by analysing unlabelled lEVs by flow cytometry.

Figure 34 :

 34 Figure 34: Annexin V+ intracardiac lEVs. Flow cytometry representative dot-plot analyses of (A) Annexin V+ intracardiac EVs and (B) double positive Annexin V+caveolin3+ intracardiac lEVs. Annexin V-FITC without calcium was used as negative control for Annexin V-FITC labelling and corresponding mouse IgG control isotype-AF647 was used as negative control for anticaveolin 3-AF647. (C) Annexin V+ intracardiac lEV count of sham or MI mice at 24 hours post-MI analysed by flow cytometry. Non-diabetic mice are represented in the left half and diabetic mice are represented in the right half of the graphs. Data is normalised to milligram of tissue and expressed as mean ± SEM. n=6 to 7 animals per group. **p<0.01.

Figure 35 :

 35 Figure 35: Caveolin-3+ cardiomyocyte-derived lEVs. (A) Representative dot-plots of caveolin 3+ intracardiac lEVs (bottom half) analysed by flow cytometry with IgG control isotype as negative control (top half). (B) Caveolin 3+ lEVs of sham or MI mice at 24 hours post-MI analysed by flow cytometry. Non-diabetic mice are represented in the left half and diabetic mice are represented in the right half of the graphs. Data is normalised to milligram of tissue and expressed as mean ± SEM. n=6 to 7 animals per group. **p<0.01.

Figure 36 :

 36 Figure 36: CD31+/CD41-endothelial cell-derived lEVs. (A) Representative dot-plots of CD31+ (bottom left) and CD31+CD41-(right) intracardiac lEVs analysed by flow cytometry with IgG control isotype as negative control (top left). (B) CD31+CD41-lEVs of sham or MI mice at 24 hours post-MI. Non-diabetic mice are represented in the left half and diabetic mice are represented in the right half of the graphs. Data is normalised to milligram of tissue and expressed as mean ± SEM. n=6 to 7 animals per group. *p<0.05.

Figure 37 :

 37 Figure 37: CD41+ platelet-derived lEVs. (A) Representative dot-plots of CD41+ intracardiac lEVs (bottom half) analysed by flow cytometry with IgG control isotype as negative control (top half). (B) CD41+ lEVs of sham or MI mice at 24 hours post-MI. Nondiabetic mice are represented in the left half and diabetic mice are represented in the right half of the graphs. Data is normalised to milligram of tissue and expressed as mean ± SEM. n=6 to 7 animals per group.

Figure 38 :

 38 Figure 38: (A) Representative dot-plots of CD90.2+ intracardiac lEVs (bottom half) analysed by flow cytometry with IgG control isotype as negative control (top half). (B) CD90.2+ lEVs of sham or MI mice at 24 hours post-MI. Non-diabetic mice are represented in the left half and diabetic mice are represented in the right half of the graphs. Data is normalised to milligram of tissue and expressed as mean ± SEM. n=6 to 7 animals per group.

Figure 39 :

 39 Figure 39: CD45+ leukocyte-derived lEVs. (A) Representative dot-plots of CD45+ intracardiac lEVs (bottom half) analysed by flow cytometry with IgG control isotype as negative control (top half). (B) CD45+ lEVs of sham or MI mice at 24 hours post-MI. Non-diabetic mice are represented in the left half and diabetic mice are represented in the right half of the graphs. Data is normalised to milligram of tissue and expressed as mean ± SEM. n=6 to 7 animals per group.

Figure 40 :

 40 Figure 40: TER119+ erythrocyte-derived lEVs. Representative dot-plots of TER119+ intracardiac lEVs (bottom half) analysed by flow cytometry with IgG control isotype as negative control (top half). (B) TER119+ lEVs of sham or MI mice at 24 hours post-MI. Non-diabetic mice are represented in the left half and diabetic mice are represented in the right half of the graphs. Data is normalised to milligram of tissue and expressed as mean ± SEM. n=6 to 7 animals per group. *p<0.05.

Figure 41 :

 41 Figure 41: Cellular origin of intracardiac lEVs 24 hours post-MI. Non-diabetic groups are represented on the left half of each graph and diabetic groups are represented on the right half of each graph. Data is represented as Mean ± SEM normalised to milligram of tissue. N=6 to 7 animals per group. *p<0.05 vs. corresponding sham, **p<0.01 vs. corresponding sham.

Figure 42 :

 42 Figure 42: Triton treatment of labelled intracardiac lEVs.(A) Representative dot-plots of annexin V/caveolin-3+ intracardiac lEVs (left) analysed by flow cytometry with Triton 0.05% treatment (right) and (B) CD31+/CD41-+ intracardiac lEVs (left) analysed by flow cytometry with Triton 0.05% treatment (right). (C) Loss of annexin V+ (left), caveolin-3+ (middle) and CD31+/CD41-labelling after Triton 0.05%. Data is presented as percentage of positively labelled lEVs. n=3 animals.

Figure 43 :

 43 Figure 43: Protein characterisation of intracardiac EVs. Representative Western blots for CD9, HSC70 and Troponin T in lEVs and sEVs from sham and MI control or diabetic mice.

Figure 44 :

 44 Figure 44: Volcano plot representation showing upregulation of the expression of miRNAs in intracardiac (A) lEVs and (B) sEVs of 8-week old control MI mice as compared to sham 24 hours post-MI. Threshold significance was set at 0.05.

Figure 45 :

 45 Figure 45: Volcano plot representation showing upregulation of the expression ofmiR-21a-5p, miR-21b, miR-142a-3p, miR- 142a-5p, miR-146b-5p, miR-147-3p, miR-223-3p, miR-335-3p, miR-503-5p, miR-2137, miR-6239, miR-6240, and miR-6538 in intracardiac lEVs of control MI mice as compared to sham 24 hours post-MI. Threshold significance was set at 0.05.

Figure 46 :

 46 Figure 46: Volcano plot representation showing upregulation of the expression of miR-21a-5p, miR-142a-3p, miR-142a-5p, miR-146b-5p, miR-147-3p, miR-223-3p, miR-335-3p, miR-503-5p, miR-2137 and miR-6538 in intracardiac lEVs of diabetic MI mice as compared to sham 24 hours post-MI. Threshold significance was set at 0.05.

Figure 47 :

 47 Figure 47: Volcano plot representation showing upregulation of the expression of miR-21a-5p, miR-21b, miR-25-3p, miR-92a- 3p, miR-142a-3p, miR-142a-5p, miR-146b-5p, miR-223-3p, miR-335-3p and miR-2137 in intracardiac sEVs of control MI mice as compared to sham 24 hours post-MI. Threshold significance was set at 0.05.

Figure 48 :

 48 Figure 48: Volcano plot representation showing upregulation of the expression of miR-142a-3p and miR-146b-5p in intracardiac sEVs of control MI mice as compared to sham 24 hours post-MI. Threshold significance was set at 0.05.

Figure 49 :

 49 Figure 49: Volcano plot representation showing upregulation of the expression of miR-378a-5p and downregulation of the expression of miR-146a-5p and miR-503-3p in intracardiac lEVs of diabetic MI mice as compared to control MI mice 24 hours post-MI. Threshold significance was set at 0.05

Figure 50 :-Figure 51 :

 5051 Figure 50: Volcano plot representation showing upregulation of the expression of miR-378a-5p in intracardiac sEVs of diabetic MI mice as compared to control MI mice 24 hours post-MI. Threshold significance was set at 0.05

  MI analysed by flow cytometry. Data is normalised to milligram of tissue and expressed as mean ± SEM. n=5 animals.

Figure 55 :

 55 Figure 55: Caveolin-3+ cardiomyocyte derived circulating lEVs in α-actin-GFP+ mice. Representative dot-plots of caveolin 3+ circulating lEVs derived from diabetic cardiac α-actin-GFP+ mice subjected to 24 hours MI (bottom half) analysed by flow cytometry with IgG isotype as negative control (top half). (B) Caveolin 3+ lEVs of control MI or diabetic MI mice at 24 hours post-MI analysed by flow cytometry. Data is normalised to microlitres of plasma and expressed as mean ± SEM. n=5 animals per group.

Figure 56 :Figure 57 :

 5657 Figure 56: Triton treatment of labelled circulating lEVs. Representative dot-plots of caveolin 3+ circulating lEVs derived from diabetic cardiac α-actin-GFP+ mice subjected to 24 hours MI before (top half) and after immediate treatment with Triton 0.05% (bottom half). (B) Caveolin 3+ lEVs of control diabetic MI mice 24 hours post-MI before and after Triton 0.05% treatment analysed by flow cytometry. Data is presented as percentage of Caveolin-3+ lEVs pre-treatment and expressed as mean ± SEM. n=3.

Figure 58 :

 58 Figure 58: Caveolin-3+GFP+ cardiomyocyte-derived circulating lEVs in α-actin-GFP+ mice. (A) Representative dot-plots of Caveolin-3+GFP+ circulating lEVs derived from diabetic cardiac α-actin-GFP+ mice subjected to 24 hours MI (right bottom half) analysed by flow cytometry with IgG isotype as negative control (right top half) derived from GFP+ circulating lEV population (left half). (B) Caveolin-3+GFP+ lEVs of control MI or diabetic MI mice at 24 hours post-MI analysed by flow cytometry. Data is normalised to microlitres of plasma and expressed as mean ± SEM. n=5 animals per group.

Figure 59 :

 59 Figure 59: Representative images by microscopy imaging flow cytometry showing presence of GFP in large and small circulating extracellular vesicles.

Figure 60 :

 60 Figure 60: Gating strategies to detect APC+ splenic subpopulations indicative of fluorescently labelled EVs.

Figure 63 :

 63 Figure 63:In vitro biodistribution of APC+ cardiomyocyte-derived sEVs on splenic cells of diabetic or control mice 24 hours post-MI or sham procedures. Percentage (%) of APC+ cells in each splenic subpopulation when normoxic or hypoxic cardiomyocyte-derived APC+ sEVs were co-cultured with splenocytes from either (A) control sham, (B) control MI, (C) diabetic sham or (D) diabetic MI mice. APC+ cells were indicative of cells that have taken up sEVs. Data is expressed as mean ± SEM. n=4.

  instead of sEVs by splenocytes regardless of disease (diabetes or healthy) and surgery (MI or sham).

Figure 64 :

 64 Figure 64: In vitro biodistribution of APC+ cardiomyocyte-derived lEVs on splenic cells of diabetic or control mice 24 hours post-MI. Percentage (%) of APC+ cells in each splenic subpopulation when splenocytes of control MI (left half) or diabetic MI (right half) with stimulated with either (A) normoxic or (B) hypoxic cardiomyocyte-derived APC+ lEVs. Data is expressed as mean ± SEM. n=5. *p<0.05 vs. APC+ splenocytes of control MI mice.

Figure 65 ::

 65 Figure 65: : In vitro biodistribution of APC+ cardiomyocyte-derived lEVs on splenic cells of diabetic or control mice 24 hours post-MI. Percentage (%) of APC+ cells in each splenic subpopulation when splenocytes of control MI (left half) or diabetic MI (right half) with stimulated with either (A) normoxic or (B) hypoxic cardiomyocyte-derived APC+ sEVs. Data is expressed as mean ± SEM.

  , we have observed that in the presence of type 2 diabetes, permanent LAD coronary artery resulted in a transient increase of the intracardiac release of lEVs in the infarcted tissue 24 hours post-MI as compared to corresponding sham animals. This increase was interestingly not observed in intracardiac sEVs where levels remained the same at either 15 hours, 24 hours, 48 hours or 72 hours post-surgery. This was different from what was observed in control animals where sEV intracardiac release was observed to peak transiently at 24 hours post-MI. However, the kinetic profile of lEVs in control animals demonstrated a similar transient increase of intracardiac lEV release at 24 hours post-MI.

  Knowles et al. to induce caveolin-3 loss of cardiomyocytes in the T-tubulin network by 90%.

  However, it is important to note that although in vitro experiments might shed light on clarifying certain mechanisms, they might not reflect the in vivo environment where external factors are of abundance. One can also imagine that miR-146a-5p might elicit different responses on different targets to produce varying overall outcomes in vivo. Lastly, as mentioned earlier, miR-146a-5p have been observed to synergistically interact with other miRNAs. Therefore, we can also hypothesise that resulting functional effects can vary depending on which miRNAs are synergistically interacting with miR-146a-5p. With this line of reason, the downregulation of miR-146a-5p in intracardiac lEVs in the diabetic heart post-MI could therefore lead to an increase in IRAK-1, promoting the interaction with TRAF6 and resulting in the increase of NFκB, promoting the release of pro-inflammatory cytokines. This interpretation remains to be demonstrated in further experiments. miR-503-5p was first identified in human retinoblastoma tissues (J.-J.[START_REF] Zhao | Identification of MiRNAs Associated with Tumorigenesis of Retinoblastoma by MiRNA Microarray Analysis[END_REF]).The group of Kim et al. demonstrated that miR-503-5p together with miR-424 is associated with the link between apelin (APLN) and FGF2 pathways in pulmonary artery endothelial cells (PAECs) where APLN increases the expression of miR-503-5p. Downstream, miR-503-5p then downregulates targets fibroblast growth factor (FGF)2 and FGFR1 which then decreases endothelial hyperproliferation, a condition characteristic of pulmonary artery hypertension (J.[START_REF] Kim | Endothelial Apelin-FGF Link Mediated by MicroRNAs 424 and 503 Is Disrupted in Pulmonary Arterial Hypertension[END_REF]. miR-503/-322 cluster was found to be the most enriched in mesoderm posterior 1 (Mesp1) lineage of cardiac progenitor cells. Its expression is specific in the developing heart tube, stimulating the formation of cardiomyocytes by downregulating lineage protein, Clef1, a direct target of the miR-503/-322 cluster[START_REF] Shen | MiR-322/-503 Cluster Is Expressed in the Earliest Cardiac Progenitor Cells and Drives Cardiomyocyte Specification[END_REF]. In discovery, the group of Wang et al. have identified a plasma-derived 8-miRNA panel consisting of miR-503-5p that could help in distinguishing heart failure preserved ejection fraction (HFpEF) from heart failure reduced ejection fraction (HFrEF) patients in the clinical setting (L.L.[START_REF] Wong | Combining Circulating MicroRNA and NT-ProBNP to Detect and Categorize Heart Failure Subtypes[END_REF]. In line with this, the enrichment of expression of miR-503 have been observed in the heart LV tissues of a transverse aortic constriction (TAC) murine model, one that is used commonly to reflect HFpEF in patients. Similarly, this upregulation of expression was also found in neonatal cardiac fibroblasts that have been treated with Angiotensin II, where overexpression of miR-503 promoted collagen production and cellular proliferation.Furthermore, injection of antagomir-503 in TAC mice dampened the expression of connective tissue growth factor (CTGF) and TGF-β, ameliorating cardiac function. In agreement to what was observed byKim et al., Apelin is involved in this process, however, here the group demonstrated that miR-503 downregulates Apelin-13, increasing collagen production and activation of CTGF and TGF-β in vitro that led them to conclude that miR-503 promotes cardiac fibrosis in an in vivo setting[START_REF] Zhou | MicroRNA-503 Promotes Angiotensin II-induced Cardiac Fibrosis by Targeting Apelin-13[END_REF]. In terms of myocardial ischaemia unfortunately, the role of miR-503-5p has not yet been described. in limb ischaemia in the context of diabetes. HUVECs that were treated with high glucose to reflect diabetes were found to express increased levels of miR-503 as compared to control cells. Forced expression of miR-503 deteriorated proliferation migration, adhesion and capillary formation in endothelial cells. Moreover, endothelial cells-derived from ischaemic WT mouse limb adductor muscles express miR-503

  in the introduction, EVs have been shown to carry miRNAs as well as other non-coding RNAs such as piwi-interacting RNA (X.[START_REF] Huang | Characterization of Human Plasma-Derived Exosomal RNAs by Deep Sequencing[END_REF]) and even long non-coding RNA[START_REF] Kenneweg | Long Noncoding RNA-Enriched Vesicles Secreted by Hypoxic Cardiomyocytes Drive Cardiac Fibrosis[END_REF]. Our collaboration with the lab of Thomas Thum has revealed a novel crosstalk between fibroblasts and cardiomyocytes. This crosstalk is modulated by the transfer of EVs that are enriched in long non-coding RNA in an ischaemic cardiac setting. The 2 long non-coding RNAs identified that were hypoxiasensitive included 1) Neat1 that was abundant only in lEVs and 2) ENSMUST00000122745 that was enriched in sEVs, both in vivo and in vitro. EVs were taken up by fibroblasts stimulating the profibrotic genes expression. In normoxic conditions, P53 regulated the transcription of Neat1 while regulation was performed by HIF2A in hypoxia instead. In a mouse model of MI, genetic elimination of Neat1 in vivo deteriorated heart function post-MI compared to sham animals. In vitro, Neat1 silencing led to reduced expression of fibrotic genes, decreased migration capacity and stalled cell cycle in fibroblasts, thus highlighting the pro-fibrotic effects of Neat1 in the context of cardiac ischaemia[START_REF] Kenneweg | Long Noncoding RNA-Enriched Vesicles Secreted by Hypoxic Cardiomyocytes Drive Cardiac Fibrosis[END_REF]); Publication Annex.

Figure 67 :

 67 Figure 67: (A) Representative IVIS images of organs 2 hours post-intravenous injection of labelled CDC-derived exosomes orPBS showing highest uptake in the lungs, spleen and liver and (B) the normalised biofluorescence signal in each organ expressed as a ration of labelled CDC-derived exosomes to PBS. Adapted from[START_REF] Mentkowski | Exosomes Engineered to Express a Cardiomyocyte Binding Peptide Demonstrate Improved Cardiac Retention in Vivo[END_REF] 

Figure 68 : 3 . 4 . 3 )

 68343 Figure 68: Schematic illustration of thesis findings.

Fig. 1 .

 1 Fig. 1. Expression analysis of cardiac H19 after cardiac isc emia. (A, B) In vivo expression profiles of cardiac H19 after permanent occlusion of t e left descending coronary artery (LAD) in mice in infarcted and remote tissue over a time course of 4 weeks (n = 4-7 mice/group/day). (C) In vitro ypoxia for 24 induces H19 in mouse HL-1 cardiomyocytes, primary uman cardiac fibroblasts (HCF) and primary uman umbilical vein endot elial cells (HUVEC) (n = 3 individual experiments á 2-3 tec nical replicates). (D, E) Efficient knock down of endogenous Hif1α by siRNAs abolis es ypoxia-mediated induction of H19 in HL-1 cardiomyocytes (n = 3 individual experiments á 3 tec nical replicates). (F) Repression of Hif1α degradation under normoxic conditions wit dimet yloxalylglycine (DMOG) induces H19 expression in HL-1 cardiomyocytes (n = 3 individual experiments á 2-3 tec nical replicates). (G) Subcellular fractionation (n = 3 individual experiments) and (H) FISH demonstrate mainly cytoplasmic localization of H19 in HL-1 cardiomyocytes under normoxia and ypoxia. Data represented as mean ± standard error of t e mean (SEM). (B), (C) and (F): unpaired two-tailed student's t-test; (D), (E): Two-way ANOVA wit Tukey's correction. *P < .05, ***P < .001.

Fig. 2 .

 2 Fig. 2. H19 acts anti-apoptotic by modulating VDR transcriptional activity in HL-1 cardiomyocytes. (A) SiRNA-mediated knock down of endogenous H19 (n = 3 individual experiments á 2-3 tec nical replicates). (B) Initial luciferase-based screen of altered transcription factor (TF) activity by altered H19 expression in normoxic and ypoxic HL-1 (n = 1). (C) Luciferase-based validation of H19-dependent alteration in vitamin D receptor (VDR) and liver X receptor (LXR) transcriptional activity (n = 3 individual experiments á 3 tec nical replicates). (D) Increased caspase 3 and 7 activity in ypoxic HL-1 cells upon knock down of H19 or (E, F) VDR mRNA (n = 3 individual experiments á 3 tec nical replicates). (G, H) Repression of H19 reduces activation of VDR transcription factor activity under 1,25(OH) 2 -Vitamine D3 (Calcitriol) treatment (n = 3 individual experiments á 3 tec nical replicates). Data represented as mean ± standard error of t e mean (SEM). All figures: Two-way ANOVA wit Tukey's correction. *P < .05, **P < .01, ***P < .001, ns -not significant.

Fig. 3 .

 3 Fig. 3. Altered proteome of HL-1 cardiomyocytes after H19 depletion reveals involvement of H19 in multiple cellular pat ways. (A) Heatmap of all proteins matc ing selection criteria (detectable in all samples, detected peptide number/protein ≥5, sequence coverage > 20%) in HL-1 lysate under normoxic and ypoxic conditions wit and wit out siH19 (n = 3 individual experiments). (B) Venn diagram of differentially regulated proteins (p-value < .05; │log 2 (FC)│ ≥ 1) under normoxia or ypoxia s ows individual regulation for distinct oxygen conditions. (C) STRING network analysis of differentially regulated proteins under ypoxia in combination wit gene ontology enric ment identifies four main clusters altered upon knock down of H19. (D, E) Enric ment analysis using Enric r s ows involvement of t e 71 differentially upregulated proteins under ypoxia in cellular pat ways e.g. apoptosis and inflammatory signalling.

Fig. 4 .

 4 Fig. 4. Global knockout of H19 in mice augments inflammatory response to isc emia-reperfusion injury. (A) Sc ematic overview of t e experimental setup (60 min isc emia +24 reperfusion). (B) Determination of left ventricular (LV) area at risk (AAR) and infarct size (IS) in WT and H19 KO mice using Evan's Blue and TTC met od (n = 4-5 animals/group). (C-D) Antibody-based screening of different cytokines and c emokines in infarcted tissue lysate of wildtype (WT) and H19 KO mice demonstrates upregulation of several pro-inflammatory markers. (E) Pro-inflammatory markers are also elevated at mRNA level in t e infarct zone of H19 KO mice (n = 4-8 animals/group). Data represented as mean ± standard error of t e mean (SEM). (B): unpaired two tailed student's t-test. (E) Two-way ANOVA wit Tukey's correction. *P < .05, **P < .01, ***P < .001, ns -not significant. (For interpretation of t e references to colour in t is figure legend, t e reader is referred to t e web version of t is article.)

Fig. 5 .

 5 Fig. 5. Inflammatory gene expression is unaffected by t e absence of H19. (A) Hypoxic cultivation conditions induce expression of H19 and some inflammatory markers in HL-1 cardiomyocytes (n = 3 individual experiments á 3 tec nical replicates). (B) Inflammatory gene expression is unaffected by siH19 treatment after 12 of ypoxia +2 reoxygenation in HL-1 cardiomyocytes (n = 2-3 individual experiments á 3 tec nical replicates). (C) Hypoxic cultivation conditions induce expression of H19 and represses inflammatory markers in uman cardiac fibroblasts (HCF) (n = 3 individual experiments á 3 tec nical replicates). (D-F) Treatment of primary adult mouse cardiac fibroblasts (AMCFs) wit 30 ng/ml Tnf-α or 100 ng/ml LPS for 24 represses H19 expression in WT cells. T ere are no significant c anges in Il-1β expression between AMCFs from WT or H19 KO mice upon stimulation (n = 2-3 individual experiments á 2-3 tec nical replicates). (G) Isolated splenocytes from WT or H19 KO mice do not s ow differences in inflammatory gene expression after stimulation wit 100 ng/ml LPS for 5 (from n = 3 mice/group mean of 2-6 tec nical replicates/mouse). Data represented as mean ± standard error of t e mean (SEM). (A, B, C): unpaired two tailed student's t-test. (E): One-way ANOVA wit Tukey's correction. (F) Two-way ANOVA wit Tukey's correction. (G) Two-way ANOVA wit Sidak's correction. *P < .05, **P < .01, ***P < .001, ns -not significant.

Fig. 6 .

 6 Fig. 6. Upregulated H19 expression derives from cardiac fibroblasts and is ig ly associated wit Tgf-β-induced myofibroblast activation. (A-B) Cell fractionation of Leukocytes, endot elial cells and fibroblasts from t e infarcted area of mouse earts 5 days after permanent LAD occlusion reveals maximal induction of H19 in t e fibroblast fraction (n = 3 and 5 mice in t e s am and MI group, respectively). (CeF) Time-course analysis of H19 expression 1, 3 and 7 days after I/R injury in BL/6 N mice wit 60 min of isc emia s ows significant correlations between Tgf-β, αSMA and H19 expression in infarcted tissue in vivo. (G) Stimulation of adult mouse cardiac fibroblasts from BL/6 N mice wit 10 ng/ml Tgf-β for 24 increased pro-fibrotic markers αSMA and Ctgf as well as H19 (n = 3 individual experiments á 2-3 tec nical replicates). Data represented as mean ± standard error of t e mean (SEM). (E, F): Pearson correlation wit 95% confidence interval. (G) unpaired two tailed student's t-test. *P < .05, **P < .01, ***P < .001.

Fig. 7 .

 7 Fig. 7. Long-term studies of I/R injury in WT and H19 KO mice. (A) Study design: Mice were subjected to 60 min of isc emia followed by 28 days of reperfusion. One day before arvest, ec ocardiograp ic measurement were performed. (B) Picrosirius red staining and (C) gene expression analysis of infarcted earts s ow fibrotic remodeling in bot WT and H19 KO mice. Functional parameters assessed by (D) ec ocardiograp y and (E) emodynamic pressure-volume (P/V) measurements s ow impaired cardiac function after isc emic intervention. (F) Hypertrop ic cardiac remodeling is evident in H19 KO mice as displayed by increased eart weig t (HW) to tibia lengt (TL). Data represented as mean ± standard error of t e mean (SEM), n = 5-7 mice/group. Two-way ANOVA wit Tukey's correction. *P < .05, **P < .01, ***P < .001, ns -not significant. (For interpretation of t e references to colour in t is figure legend, t e reader is referred to t e web version of t is article.)

Fig. 8 .

 8 Fig. 8. In vitro oxygen deficiency induce expression of lncRNA H19 in endot elial cells, cardiac fibroblasts and cardiomyocytes via t e ypoxia-inducible factor (HIF). H19 acts cardio-protective by attenuating cardiomyocyte apoptosis by increasing vitamin D receptor (VDR) activity. After myocardial infarction in vivo, knock out of H19 increases cardiac inflammation and promotes ypertrop ic cardiac remodeling. During t e proliferative p ase H19 expression is ig ly induced in cardiac fibroblasts by Tgf-β stimulation.

Figure 2 .

 2 Figure 2. Cardiomyocyte-Derived Vesicles Are Taken Up into Fibroblasts, Leading to Profibrotic Transcriptome Changes (A) Setup to evaluate a potential vesicle-mediated crosstalk between hypoxic cardiomyocytes and fibroblasts. (B-E) Expression levels of fibrosis-related genes Col1a1 (B), Col3a1 (C), Ctgf (D), and MMP2 (E) in fibroblasts after culture with hypoxic or normoxic conditioned medium. (F-I) Stepwise depletion of large vesicles (À lEVs) or all extracellular vesicles (Àall EVs) out of the conditioned medium abolished the profibrotic phenotype: (F) Col1a1; (G) Col3a1; (H) Ctgf; and (I) MMP2. Data are presented as mean ± SEM. n = 4-5 independent experiments. *p % 0.05; **p % 0.01; ns, not significant; Student's t test. FC, fold change to normoxic control.

Figure 3 .

 3 Figure 3. Deregulated lncRNAs in Extracellular Vesicles and Cardiomyocytes during Hypoxia/Reoxygenation (A) Heatmap of lncRNA mouse array in cardiomyocytes, sEVs, and lEVs exposed to hypoxic conditions for 24 h following 4 h of reoxygenation or normoxic conditions for 28 h. n = 3 independent experiments. (B and C) Different lncRNAs are (B) upregulated and (C) downregulated during hypoxia/reoxygenation in lEVs, sEVs, and cells, and only 12 (green, downregulated) or 28 (red, upregulated) are shared by all. (D-F) Scheme of the selection strategy (D) to identify lncRNA candidates in lEVs and sEVs leading to 2 candidates: Ensembl: ENSMUST00000122745 in sEVs (E) and Neat1 in lEVs (F). n = 3-6 independent experiments. Cells = cardiomyocytes; ctrl = normoxia; hyp = hypoxia/ reoxygenation.

Figure 5 .

 5 Figure 5. Neat1 Inhibition Affects Fibroblast Function Regulation of Neat1 expression under normoxic and hypoxic conditions in cardiomyocytes. (A) Expression level of Neat1 in cardiomyocytes after treatment with 1 mM DMOG. (B) Gene expression of Neat1 following siRNA-mediated silencing of HIF1A or HIF2A under hypoxic conditions in cardiomyocytes. Cells treated with a control siRNA served as controls. (C) Increased Neat1 expression following treatment of cardiac fibroblasts with 10 mM Nutlin-3 (activator of P53). (D) Treatment of fibroblasts with a P53 inhibitor (Pifithrin-a, 10 mM) resulted in a significant decrease of Neat1 expression levels. Downstream effects on target cells. (E) Gene set enrichment analysis of the significantly deregulated genes (adjusted p < 0.05) identified by RNA-seq. The Top 20 functional terms are displayed and sorted according to the gene counts belonging to a GOTERM annotation. (F) Expression levels of P53, P21, Bak, P27, CDK1, and CDK2 mRNA in fibroblasts treated with Neat1 GapmeR or control GapmeR. Data are presented as fold change to cells treated with GapmeR control. (G) Propidium iodide staining of fibroblasts treated for 48 h with GapmeR Neat1 and GapmeR control to analyze the cell cycle using FACS. Plot indicates percentage of positive cells in the G 0 /G 1 phase, S phase and G 2 /M phase. (H) Expression levels of profibrotic genes Col1a1, Col3a1, and MMP2 in (legend continued on next page)

  fibroblasts transfected with GapmeR control and GapmeR Neat1 after exposure to hypoxic conditions for 24 h following 2 h reoxygenation or 26 h normoxic conditions. (I) Caspase-3/caspase-7 activity after treatment of 3T3 cells with GapmeR Neat1 and GapmeR control for 48 h. (J) Representative pictures of fibroblasts treated with GapmeR Neat1 or GapmeR control and scratched to determine migration capacity. Images show time points 0 h and 6 h after scratching. Left: migration index was calculated according to: (area [0 h] À area [6 h])/area (0 h). Scale bars, 500 mm. Data are presented as mean ± SEM. n = 3 independent experiments with 3 biological replicates per independent experiment (exception: Neat1 expression after GapmeR treatment. n = 3 different wells). *p < 0.05; **p < 0.01; ***p % 0.001; ****p % 0.0001, Student's t test (for A-D, F, and H-J) or one-way ANOVA for three groups with post hoc Tukey's multiple comparison test (for G). FC, fold change to control.

Figure 6 .

 6 Figure 6. Neat1 Is Transported via Large Vesicles In Vivo (A) Murine hearts from C57BL6/N mice were removed 4 h to 7 days after permanent left anterior descending artery (LAD) ligation and dissected into the remote and the peri-/infarct zones. Expression level of Neat1 was measured in both zones. Data are presented as fold change (FC) to sham-operated mice of the same day ± SEM. n = 5-6 animals per group. (B) Neat1 expression levels in fractionated hearts from C57BL6/N mice (n = 6). Data are presented as FC of main fraction ± SEM. (C) Expression level of Neat1 in lEVs and sEVs isolated from mouse hearts 15 h after MI. n = 3-5 animals per group. Data are presented as fold change normalized to lEVs derived from sham hearts. (D) Murine hearts of Neat1 KO or WT mice were removed 28 days after permanent LAD ligation or sham operation, and echocardiographic parameters were assessed. n = 3-5 animals per group. EF, ejection fraction. (E) Gene expression of Neat1 in human heart tissue of aortic stenosis patients. n = 23. Healthy patients served as controls (n = 23). *p % 0.05; **p % 0.01; ***p % 0.001; ns, not significant, Student's t test.

  Caractérisation des Vésicules Extracellulaires Intracardiaques dans leContexte de l'Infarctus du Myocarde et du Diabète de Type II Les maladies cardiovasculaires sont la cause principale de décès de nos jours. Parmi les mécanismes pathologiques sous-jacents à l'infarctus du myocarde, l'inflammation et l'infiltration des cellules inflammatoires sont les caractéristiques de l'infarctus du myocarde. Il est reconnu que le diabète de type 2 augmente le risque de maladies cardiovasculaires à cause de l'augmentation de l'inflammation et de l'accumulation de lipides qui conduit à un dysfonctionnement endothélial. En dehors de cela, une activation plaquettaire et une formation de plaque accrues ajoutent également à cette augmentation du risque. Pour le diabète, les changements de régime alimentaire y compris le régime méditerranéen sont difficiles à imposer en raison de la difficulté à contrôler les habitudes de vie. La metformine est le médicament de référence pour contrôler le diabète, cependant, comme le diabète est une maladie évolutive, la metformine seule ne suffit parfois pas. Cependant, des médicaments supplémentaires contre le diabète pourraient augmenter le risque d'insuffisance cardiaque ou d'infarctus du myocarde. Le risque d'effets indésirables et le fait que le traitement est à peine absolu conduisent aux avantages des vésicules extracellulaires qui possèdent la capacité de faciliter la communication intercellulaire avec les cellules voisines ou à distance et sont connues pour transporter une cargaison significative qui peut provoquer des effets biologiques fonctionnels. En réponse à l'infarctus du myocarde, les vésicules extracellulaires (VEs)-grandes (gVEs) et petites (pVEs), sont libérées au niveau cardiaque et contribuent à la communication intercellulaire ainsi qu'au maintien de l'homéostasie cardiaque en transférant leur contenu tel que les microARNs (miARNs). Ainsi, le but de ces travaux est d'étudier l'influence du diabète de type 2 sur la libération de VE intracardiaques post-infarctus du myocarde et de déterminer leur contenu en miARNs. Des souris mâles ont reçu un régime alimentaire normal ou un régime riche en graisses (High Fat Diet -HFD) pendant 3 mois. Les souris ont été certifiées intolérantes au glucose et à l'insuline. L'infarctus a été induit par une ligature permanente de l'artère coronaire. Les animaux shams ont subi des interventions chirurgicales similaires mais sans ligature. Pour étudier la modulation du diabète sur la libération des VEs intracardiaques, une quantification de façon cinétique des VEs a été fait en fonction des conditions expérimentales (l'Infarctus du myocarde et/ou HFD). Les VEs ont été isolées par centrifugations différentielles et quantifiées par la technologie détection d'impulsion résistive modifiable (TRPS). L'origine de ces VEs en termes de leurs cellules parentales et la caractérisation des VEs ont été déterminées par cytométrie en flux et Western Blot (WB). Le contenu en miARN des VEs a été déterminé par séquençage d'ARN et puis validé par qPCR. En utilisant des souris cardiaques alpha-actine GFP+, les VEs circulantes ont été isolées et analysées par cytométrie en flux pour déterminer si les VEs GFP+ dérivées de cardiomyocytes sont libérées dans la circulation pour se rendre aux cibles prévues. L'analyse du tropisme des VEs à été réalisé en co-cultivant des VEs issues de culture de lignées cardiomyocytaires (HL-1), soumises à une hypoxie pour mimer l'infarctus du myocarde, avec des splénocytes des souris HFD ou contrôle postinfarctus du myocarde. L'analyse en cytométrie en flux a permis d'identifier les cellules réceptrices des VEs cardiomyocytaires. Les miARNs d'intérêt seront étudiés in vitro pour identifier leur fonction biologique. Chez les souris contrôles, la libération des gVEs et pVEs intracardiaques est significativement augmentée à 24H post-infarctus du myocarde par rapport aux animaux shams. Les animaux ayant été soumis à un HFD présentent un niveau des gVEs significativement plus élevé par rapport aux animaux shams et animaux contrôles postinfarctus du myocarde. Aucune différence n'existe concernant la libération de pVEs chez les animaux diabétiques quel que soit le statut opératoire. Notamment, les profils cinétiques entre la libération de lEV et de sEV chez les souris diabétiques ne sont pas similaires. L'analyse par cytométrie en flux a montré que la majorité des gVEs intracardiaques sont caveoline-3 + (d'origine cardiomyocytaire) et CD31 + CD41 -(d'origine cellule endothélial). Les VEs dérivées de cardiomyocytes étaient significativement augmentées dans le groupe contrôle et les VEs dérivées de cellules endothéliaux étaient significativement augmentées dans le groupe diabétique post-infarctus du myocarde. De plus la caractérisation par WB confirme la présence de marqueurs vésiculaires (la tétraspanine CD9 et la protéine cytosolique CD9) mais également d'un marqueur cardiomyocytaire (Troponine T cardiaque). L'analyse par séquençage d'ARN a mis en évidence des profils de régulation différentielle de miARNs en fonction du diabète et du statut ischémique dans les deux types de VEs. Cela met en évidence la valeur ajoutée de l'enquête sur les deux sous-populations de VEs. L'analyse quantitative par qPCR a démontré i) une diminution des taux de miR-146a-5p et -503-5p dans les gVEs dérivées d'HFD vs contrôles et ii) une augmentation des taux de miR-378a-5p dans les deux sous-types de VEs quel que soit le statut des animaux en réponse à l'infarctus du myocarde. L'analyse par cytométrie en flux a confirmé que les gVEs intracardiaques de souris cardiaques alpha-actine GFP+ expriment la caveoline-3 et GFP, attestant de leur origine cardiomyocytaire. La présence de gVEs circulantes caveoline-3 + GFP + ont été également détectée. Cela signifie que les gVEs en effet sont libérées du coeur est entrent dans la circulation. De plus, une augmentation de niveaux de gVEs circulantes a été observée dans le groupe HFD post-infarctus du myocarde par rapport au groupe contrôle. L'analyse des cocultures de splénocytes des souris HFD ou contrôle post-infarctus du myocarde avec les VEs hypoxiques issues d'HL-1 a i) révélé un tropisme préférentiel par les cellules myéloïdes et ii) une augmentation de ce tropisme dans les splénocytes issus d'animaux diabétiques. Des investigations supplémentaires sont nécessaires pour définir précisément les souspopulations myéloïdes spléniques ciblées. Pris ensemble, os résultats démontrent que le diabète module la libération des VEs intracardiaques post-infarctus du myocarde avec une augmentation de la concentration des gVEs et pas des VEs. L'augmentation est transitoire, ou le plus haut niveau est observé à 24H post-infarctus du myocarde. La plupart des gVEs provient des cardiomyocytes et cellules endothéliaux. Dans le groupe contrôle, gVEs cardiomyocytaires sont affectées post-infarctus du myocarde. Par ailleurs, les gVEs cellules endothéliaux sont affectées dans le groupe diabète. En termes de contenu en miARN, le diabète a diminué des taux de miR-146a-5p et -503-5p dans les gVEs et a élevé des taux de miR-378a-5p dans les deux sous-types de VEs. En outre, le diabète augmente également la libération de VEs dérivées des cardiomyocytes dans la circulation ainsi que leur transfert aux cellules myéloïdes spléniques. Des travaux supplémentaires sont nécessaires pour étudier l'impact fonctionnel des miARNs d'intérêt dans les VEs intracardiaques du coeur diabétique post-infarctus du myocarde.
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	INTRODUCTION

........................................................................................................................................ 

  Classically, immunity was thought to rely on distinguishing what is "self" and what is 'non-self'. This model however flaws in distinguishing "self" cells that undergo changes like cancer cells. Therefore, Matzinger explains that the 'danger model' would serve as a more reliable model, stating that leukocytes react to danger signals released by cells that are in stress i.e. cardiomyocytes during MI

	mobility Group Box 1 (HMGB1), Heat Shock Protein (HSP)-60, mitochondrial DNA (mtDNA) and
	IL-1α among others.

Table 1 :

 1 DAMPs and their corresponding PRRs in cardiovascular diseases.

	DAMP	PRR	References
		TLR2	Mersmann et al. 2013
	HMGB1	TLR4	Ding et al. 2013
		RAGE	Andrassy et al. 2008
		TLR2	Kim et al. 2009
	HSP-60		
		TLR4	Heiserman et al. 2015
	S100A1	TLR4	Rohde et al. 2014
		TLR9	Oka et al. 2012
	mtDNA		
		NLRP3	Gong et al. 2018
	IL-1α	IL-1R	Pang, Ichinohe, and Iwasaki 2013

  al.

	2007). Thus, EVs could be seen not only as cellular messengers but also as carrying intended
		Cardiomyocyte
	⇗ NLRP3 meaningful cargo as encapsulated messages. ⇗ IL-1β & IL-18	Apoptosis
	⇗ ROS & ⇗ DAMP Due to this, EVs are being viewed in high regard, especially so in their potential Infiltration Infiltration ⇗ Leukocyte Leukocyte
	LOOP applications in diagnostic marker establishment (Desrochers, Antonyak, and Cerione 2016) as
	well as in disease therapy (Agrahari et al. 2019). This heightened importance of EVs even led
	Chronic to the founding of the ISEV in 2011, that establishes the minimal information for studies of
	Hyperglycaemia EVs (MISEV). MISEV hones in the need for proper nomenclature, defining EVs as general ⇗ ⇗ Vascular Inflammatory Permeability Cytokines
	particles that are released naturally from cells, possessing a lipid bilayer and lack the ability to
	replicate (Clotilde Théry et al. 2018). Serving as a base, the term EV could then be further
	associated to defining characteristics such as physical characteristics {size and density [large
	EVs (lEVs), small EVs (sEVs), low density EVs, high density EVs]}, cellular origin (cardiomyocyte-
	derived EVs, endothelial cell-derived EVs), descriptive experimental conditions (hypoxic EVs,
	normoxic EVs) or biochemical composition (Annexin V+ EVs, CD81+ EVs).

Table 2 :

 2 Advantage and disadvantages of select various methods of EV isolation.

	Method	Advantages	Disadvantages	References
			Equipment, non-EV	
		Small set of reagents,		(Clotilde Théry et al. 2006),
	Ultracentrifugation /		impurities, EV damage,	
		isolation of large volumes,		(Livshits et al. 2015),
	Differential Centrifugation		efficiency affected by type	
		high yield		(Jeppesen et al. 2014)
			of rotor	
		Purity of EVs, small set of		
	Density Gradient		EV loss, difficulty in lEV	(Van Deun et al. 2014),
		reagents, no viral		
	Ultracentrifugation		separation, viral	(Tauro et al. 2012), (Salih,
		contamination with		
	(Sucrose or Iodixanol)		contamination with sucrose	Zietse, and Hoorn 2014)
		iodixanol		
			EV loss, protein	
		Large number of samples,		(Lobb et al. 2015), (Gerlach
	Ultrafiltration		contamination, low sEV	
		unlimited sample volume		et al. 2013)
			yield	
		Purity and reproducibility,		
			Low sample input volume,	
	Size-exclusion	prevention of EV		(Gámez-Valero et al. 2016),
			equipment, one sample per	
	chromatography (SEC)	aggregation, elimination of		(Nordin et al. 2015)
			isolation	
		contaminants		
			Poor reproducibility,	
	Commercial precipitation	Direct procedure, no need		(Andreu et al. 2016), (M. Li
			polymer contamination,	
	kits	for additional equipment		et al. 2014)
			cost	
			Cost, antibody availability,	(Ko, Carpenter, and
	Antibodies to EV Receptors	High purity and selectivity	difficulties to distinguish	Issadore 2016), (Kreimer et
			intact EVs, non-specificity	al. 2015)
				(He et al. 2014), (H. Zhang
	Microfluidic Technologies	Efficiency, rapidness, purity	Equipment, cost	
				and Lyden 2019)

  In non-communicable diseases, cardiovascular disease (CVD) is still the main cause of mortality(WHO, 2018). The last 2 decades witnessed major progress in the treatment and management of CVD. Apart from treatment comprising of diet changes such as the Mediterranean diet (Martínez-González, Gea and Ruiz-Canela 2019) or lifestyle changes such as smoking cessation, beneficial outcomes are also evident in lowering CV events with the evaluation of drug efficacy in clinical trials targeting CV risk factors such as hyperlipidaemia

treatment by Bococizumab

[START_REF] Ridker | Cardiovascular Efficacy and Safety of Bococizumab in High-Risk Patients[END_REF]

, atherothrombotic inflammation treatment by Canakinumab

[START_REF] Ridker | Antiinflammatory Therapy with Canakinumab for Atherosclerotic Disease[END_REF]

) and hypertension treatment by ACE inhibitors (

[START_REF] Vark | Angiotensin-Converting Enzyme Inhibitors Reduce Mortality in Hypertension: A Meta-Analysis of Randomized Clinical Trials of Renin-Angiotensin-Aldosterone System Inhibitors Involving 158 998 Patients[END_REF]

. The prevention of secondary CVD events has also witnessed advancements in terms of the application of anticoagulant, antiplatelet, anti-ischaemic and fibrinolytic drugs as well as PCI strategies. Despite these accomplishments, current therapeutic regimens are not able to provide absolute effective treatment and to curb CV mortality in a majority of CVD patients.

Table 3 :

 3 List of studies investigating EVs encompassing diabetes and cardiovascular/vascular related diseases.

	Source of EVs	Investigated Disease	Investigated Species	References
	Circulation/Isolated cardiomyocytes	Hypoxia/Reoxygenation	Goto-Kakizaki rats	(Davidson et al. 2018)
	Circulation	T2D	T2D patients	
	Isolated cardiac endothelial cells	T1D	Streptozocin (STZ)	(Hu et al. 2018)
		Diabetic cardiomyopathy	mice	
	Circulation	T2D	T2D patients	(de Gonzalo-Calvo et al.
		Diabetic cardiomyopathy	HFD mice	2017)
	Isolated cardiomyocytes	T1D	STZ mice	(Wang et al. 2016)
		Diabetic cardiomyopathy		
	Circulation	T2D	T2D patients	(Wu et al. 2016)
		Vascular complications		
	Isolated cardiomyocytes	T2D	Goto-Kakizaki rats	(Wang et al. 2014)

Table 4 :

 4 Constituents of Supplemented Claycomb Medium in desired final concentration.

	Product Name	Volume (ml)	Final Concentration
	Claycomb Medium	43.5	-
	Foetal Bovine Serum	5	10%
	Penicillin/Streptomycin	0.5	100 U/ml:100 µg/ml
	Norepinephrine (10mM		
		0.5	0.1 mM
	stock)		
	L-glutamine (200 mM stock)	0.5	2 mM

Table 5 :

 5 Constituents of serum-free Supplemented Claycomb Medium in desired final concentration

	Product Name	Volume (ml)	Final Concentration
	Claycomb Medium	48.5	-
	Penicillin/Streptomycin	0.5	100 U/ml:100 µg/ml
	Norepinephrine (10mM stock)	0.5	0.1 mM
	L-Glutamine (200 mM stock)	0.5	2 mM

Table 6 :

 6 lEV gating parameters using Cytoflex cytometer.

Table 7 :

 7 List of antibodies and their corresponding isotypes used to investigate cellular origin of intracardiac lEVs by flow cytometry analysis.

	Antibody/Isotype	Fluorochrome	Cat#	Company
	Anti-Caveolin-3	AF647	sc5310,	Santa Cruz
	IgG1	AF647	sc-24636	Santa Cruz
	Anti-CD31	PE	553373	BD Biosciences
	IgG2A	PE	553930	BD Biosciences
	Anti-CD41	FITC	553848	BD Biosciences
	IgG1	FITC	553924	BD Biosciences
	Anti-CD90.2	AF488	105316	BioLegend
	IgG2b	AF488	400625	BioLegend
	Anti-TER119	PE	553673	BD Biosciences
	IgG2b	PE	553989	BD Biosciences
	Anti-CD45	APC	559864	BD Biosciences
	IgG2b	APC	553991	BD Biosciences

Table 8 :

 8 Double labelling details for Annexin V,Caveolin 3, CD31, CD41, TER119, CD90.2 and CD45 

	Labelling Sets	Annexin V / Antibody	Fluorochrome
	1	Annexin V	FITC
		Caveolin 3	AF647
	2	CD31	PE
		CD41	FITC
	3	TER119	PE
		CD90.2	AF488

  Cat# 1620115, Bio-Rad, USA) and subsequently incubated with Ponceau Red solution to validate transfer efficiency. Blocking of membranes was done with 5% (w/v) milk in TBS supplemented with 0.15 Tween-20.

5 µg of samples were then loaded in 4-12% gradient gels (Cat# 3450123, Bio-Rad, USA) and were separated based on molecular weight by electrophoresis. Post-migration, proteins were transferred on 0.45 µm nitrocellulose membranes (

Table 9 :

 9 List of primary antibodies used for Western blot.Germany) and stored in -80°C until day of miRNA extraction. miRNA extraction of intracardiac EVs was performed with miRNeasy Mini Kits (Cat# 217004, QIAGEN, Germany) according to the manufacturer's instructions. miRNA product was obtained as an elute of 30 µl with RNAse free H2O provided. To quantify the amount of miRNA extracted, 5 µl of miRNA of each sample A minimum of 10 ng of miRNA per EV subtype (lEV and sEV) per sample was sent to our collaborators Thomas Thum and Jan Fiedler at the Institute of Molecular and Translational Therapeutic Strategies (IMTTS) in Hannover, Germany for RNA sequencing. Quality and integrity of the total RNA was controlled on an Agilent Technologies 2100 Bioanalyzer (Agilent Technologies, Germany). The RNA sequencing library was generated from 0.5 to 1 µg of total RNA using TruSeq Small RNA Library Prep Kits v2 (Cat# RS-200-0024, Illumina, USA) according to manufacturer's instructions. Libraries were then sequenced on HiSeq2500 sequencing system (Illumina, USA), using TruSeq SBS Kit v3-HS (50 cycles) (Cat# FC-401-3002, Illumina, USA) with an average of 10 10 6 reads per RNA samples.

	Antibody	Host	Catalog No.	Dilution
	CD9	Rat	553758, BD, USA	1/1000
	HSC70	Rat	ADI-SOA-815-F, Enzo Life Sciences, USA	1/1000
	Troponin-T	Mouse	ab8295, Abcam, UK	1/1000
	GM130	Goat	Sc-16268, Santa Cruz, USA	1/250
	4. DETERMINATION OF miRNA CONTENT IN INTRACARDIAC	
	EXTRACELLULAR VESICLES	

4.1. miRNA EXTRACTION OF INTRACARDIAC EXTRACELLULAR VESICLES

Pilot studies to investigate the miRNA content of intracardiac EVs were carried out by first extracting miRNA of intracardiac EVs of 8-week-old C56BL6/J mice that were subjected to either MI for 24 hours or sham procedures (n=6 per group). Intracardiac lEV and sEV isolation were performed as per protocol described earlier. However, only one ultracentrifugation was performed for sEV isolation to avoid loss of sEVs post-washing. Post-centrifugation, lEV and sEV pellets were resuspended in 800 µl of QIAZOL lysis reagent (Cat# 79306, QIAGEN, (n=24) was measured using Qubit RNA High Sensitivity (HS) Assay Kit (Cat# Q32852, Thermo Fisher Scientific, USA) according to the manufacturer's instructions.

Table 10 :

 10 List of primers (QIAGEN, Germany) used for qPCR validation of miRNAs that were found to be upregulated in intracardiac EVs of MI(24 hours) vs. sham mice by RNA sequencing.

	No.	Primer	Cat#	No.	Primer	Cat#
	1	5S	YP00203906	19	miR-1467-3p YP00204368
	2	miR-1a-3p	YP00204344	20	miR-185-5p	YP00206037
	3	miR-10a-5p	YP00203909	21	miR-214-3p	YP00204510
	4	miR-21a-5p	YP00204230	22	miR-223-3p	YP00205986
	5	miR-21b-3p	YP02113503	23	miR-320-3p	YP00206042
	6	miR-23a-5p	YP00204772	24	miR-322-3p	YP00205416
	7	miR-24-3p	YP00204260	25	miR-335-3p	YP00205613
	8	miR-25-3p	YP00204361	26	miR-365-3p	YP00204622
	9	miR-27a-3p	YP00206038	27	miR-378a-3p	YP00204179
	10	miR-27b-3p	YP00205915	28	miR-378a-5p	YP00204347
	11	miR-92a-3p	YP00205947	29	miR-378b	YP02118672
	12	miR-126a-3p	YP00204227	30	miR-378d	YP02111306
	13	miR-132-3p	YP00206035	31	miR-486a-3p	YP00204107
	14	miR-133a-3p	YP00204788	32	miR-503-5p	YP00205094
	15	miR-142a-3p	YP00204291	33	miR-2137	YP00205680
	16	miR-142a-5p	YP00204722	34	miR-6236	YP02113258
	17	miR-146a-5p	YP00204688	35	miR-6240	YP02103559
	18	miR-146b-5p	YP00204553	36	miR-6538	YP02100218

Table 11 :

 11 Constituents of Supplemented RPMI 1640 medium in desired final concentration.

	Product Name	Volume (ml)	Final Concentration
	RPMI 1640 w/ GlutaMAX w/		
		44.5	-
	HEPES		
	Foetal Bovine Serum	5	10%
	Penicillin/Streptomycin	0.5	1%
	β-mercaptoethanol	0.05	0.1%

Table 12 :

 12 List of antibodies and their corresponding isotypes used to investigate presence of splenic subpopulations by flow cytometry analysis.

	Antibody	Fluorochrome	Cat#	Company
	Anti-NK1.1	BV650	564143	BD Biosciences
	Anti-CD11b	FITC	53-0112-82	eBioscience
	Anti-Ly6C	BV785	128041	Biolegend
	Anti-Ly6G	Pe-Dazzle594	127648	Biolegend
	Anti-F4/80	BUV359	565614	BD Biosciences
	Anti-CD11c	PerCP-Cy5.5	560584	BD Biosciences
	Anti-CD3e	BUV737	564618	BD Biosciences
	Anti-CD4	BV510	563106	BD Biosciences
	Anti-CD8a	BV605	563152	BD Biosciences
	Anti-CD19	Pe-Cy5	15-0193-83	eBioscience
	Anti-IgM	Pe-Cy7	406514	Biolegend
	Anti-CD45R/B220	BV711	563892	BD Biosciences
	Fixable Viability Dye	EF780	65-0865-14	eBioscience

  Human Tissue SamplingRNA was isolated from human cardiac tissue of the left ventricle from patients subjected to aortic valve replacement or from healthy donor hearts. For this study, expression of the gene of interest was measured in 23 aortic stenosis patients (male:female, 15:8; mean age, 69.65 ± 17.48) and 23 healthy patients (male:female, 14:9; mean age,38.61 ± 12.96). Approval of the study was given by the institutional committees of the University of Würzburg, Würzburg, Germany, and the University of Hamburg, Hamburg, Germany.
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Original Article Long Noncoding RNA-Enriched Vesicles Secreted by Hypoxic Cardiomyocytes Drive Cardiac Fibrosis Franziska Kenneweg, 1 Claudia Bang, 1 Ke Xiao, 1 Chantal M. Boulanger, 2 Xavier Loyer, 2 Stephane Mazlan, 2 Blanche Schroen, 3 SteffieHermans-Beijnsberger, 3 Ariana Foinquinos, 1 Marc N. Hirt, 4,5 Thomas Eschenhagen, 4,5 Sandra Funcke, 4,5,6 Stevan Stojanovic, 1 Celina Genschel, 1 Katharina Schimmel, 1 Annette Just, 1 Angelika Pfanne, 1 Kristian Scherf, 1 Susann Dehmel, 7 Stella M. Raemon-Buettner, 7 Jan Fiedler, 1,9 and Thomas Thum 1,8,9 Long non-coding RNAs (lncRNAs) have potential as novel therapeutic targets in cardiovascular diseases, but detailed information about the intercellular lncRNA shuttling mechanisms in the heart is lacking. Here, we report an important novel crosstalk between cardiomyocytes and fibroblasts mediated by the transfer of lncRNA-enriched extracellular vesicles (EVs) in the context of cardiac ischemia. lncRNA profiling identified two hypoxia-sensitive lncRNAs: ENSMUST00000122745 was predominantly found in small EVs, whereas lncRNA Neat1 was enriched in large EVs in vitro and in vivo. Vesicles were taken up by fibroblasts, triggering expression of profibrotic genes. In addition, lncRNA Neat1 was transcriptionally regulated by P53 under basal conditions and by HIF2A during hypoxia. The function of Neat1 was further elucidated in vitro and in vivo. Silencing of Neat1 in vitro revealed that Neat1 was indispensable for fibroblast and cardiomyocyte survival and affected fibroblast functions (reduced migration capacity, stalled cell cycle, and decreased expression of fibrotic genes). Of translational importance, genetic loss of Neat1 in vivo resulted in an impaired heart function after myocardial infarction highlighting its translational relevance. 
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Cardiovascular disease is the main cause of death in non-communicable diseases. In