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Abstract

:

Cardiovascular disease represents the foremost cause of mortality and morbidity worldwide, with a steadily increasing incidence due to the growth of the ageing population. Cardiac dysfunction leading to heart failure may arise from acute myocardial infarction (MI) as well as inflammatory- and cancer-related chronic cardiomyopathy. Despite pharmacological progress, effective cardiac repair represents an unmet clinical need, with heart transplantation being the only option for end-stage heart failure. The functional profiling of the biological activity of extracellular vesicles (EVs) has recently attracted increasing interest in the field of translational research for cardiac regenerative medicine. The cardioprotective and cardioactive potential of human progenitor stem/cell-derived EVs has been reported in several preclinical studies, and EVs have been suggested as promising paracrine therapy candidates for future clinical translation. Nevertheless, some compelling aspects must be properly addressed, including optimizing delivery strategies to meet patient needs and enhancing targeting specificity to the cardiac tissue. Therefore, in this review, we will discuss the most relevant aspects of the therapeutic potential of EVs released by human progenitors for cardiovascular disease, with a specific focus on the strategies that have been recently implemented to improve myocardial targeting and administration routes.
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1. The Burden of Cardiovascular Disease: From Cell Therapy to Paracrine Strategies


Cardiovascular disease (CVD), including myocardial dysfunction due to cardiomyopathy and ischemic disease up to heart failure (HF), represents a major social and public health burden in Western countries, with high morbidity and mortality rates. Projections estimate that more than 8 million adults will be affected by 2030 [1,2,3]. The adult mammalian heart is known for its very limited reparative potential following severe injury or insult (i.e., acute myocardial infarction—AMI, or cardiotoxicity as a side effect of oncological treatment). Indeed, the myocardial resident functional cell population, namely the contractile cardiomyocytes, shows a very limited turn-over rate during the normal life span [4], with insufficient renewal capacity for therapeutic applications. Following prolonged myocardial ischemia, billions of cardiomyocytes are irreversibly lost [5,6]. The prompt activation of an impaired wound healing response, transitioning from an emergency life-saving mechanism to detrimental remodeling, ventricle dilation, and scarring, may lead to progressive HF [7,8]. HF may also result from cancer-related cardiotoxicity; anthracyclines (including doxorubicin) are a class of oncological drugs that efficiently counteract solid cancers and hematological malignancies. However, they are associated with the early or late onset of off-target chronic cardiotoxicity. Their mechanism of action is still not completely clear, but it is thought to be related to the generation of reactive oxygen species (ROS) and the inhibition of topoisomerase 2β, causing mitochondrial dysfunction and activation of cell death pathways in cardiac cells. Cardiomyocytes are considered the primary cellular targets of anthracycline toxic effects, with progressive development of cardiac dysfunction; yet, cardiac stromal cells, fibroblasts, and endothelial cells may also be affected [9,10,11].



Current pharmacological therapies can only delay the onset of myocardial dysfunction and heart failure, with the ultimate solution still being organ transplantation. Against such a scenario, regenerative medicine has suggested alternative strategies based on exploiting the use of progenitor cells in the context of heart repair. Despite initial excitement and high expectations for cell therapy in CVD, a growing body of evidence has shown that progenitor administration results in extremely limited engraftment and meager survival, with a lack of bona fide trans-differentiation [12,13,14]. Nevertheless, several preclinical studies have reported recovery and functional improvement of ischemic or injured tissue, with the consensus pointing to the beneficial effects driven by stem/progenitor cell-secreted paracrine factors [8,15]. This has led to the development of cell-free approaches as proof of principle for future paracrine therapy through the administration of cell secretome formulations, which comprise the entire set of paracrine soluble factors released in the cell-conditioned medium in vitro. For example, patients suffering from ischemic heart disease could benefit from therapeutic interventions enhancing endogenous mechanisms of cardiac repair, including local angiogenesis for collateral vessel formation and muscle preservation and/or regeneration. In this perspective, secretome-based cell-free strategies have been exploited to rescue cardiac function and target the most challenging defects in cardiac disease or following injury, such as limited cardioprotection, exacerbation of inflammation with prolonged activation of fibrosis, and a lack of myocardial renewal. Of note, extracellular vesicles (EVs) released from stem and progenitor cells within their secretomes have gained increasing attention as candidate therapeutic tools, given their role as conveyors of paracrine effects and signal propagators. EVs are heterogenous membrane-surrounded nano-sized particles released by virtually all cells in the extracellular microenvironment as biological conveyors of intercellular communication. The EV content, or cargo, may include various bioactive factors that mirror the state of the parental secreting cell and influence the phenotype and the behavior of the recipient target cell. Notably, this peculiar feature suggests appealing biomarker and therapeutic potential, which has fueled a growing interest in preclinical research over recent years [16]. In this review, we will discuss EV contribution to cardiac repair and regeneration, highlighting their potential as novel therapeutic interventions for cardiovascular diseases. In addition, we will discuss how their ability to target and deliver bioactive molecules directly to damaged or diseased tissues represents an important opportunity for the development of targeted therapies.




2. EVs as Biological Conveyors of Cell Communication


EVs are a heterogeneous population of nanosized biological particles characterized by a lipid bilayer [16] and released by different cell types into the extracellular environment. Their content comprises different types of biomolecules, such as proteins, signaling peptides, chemokines, cytokines, lipids, and genetic material including non-coding RNA species (e.g., microRNA or miRNA), collectively referred to as EV cargo. Over the years, EVs have been broadly classified based on their biogenesis into small EVs, also defined as exosomes (30–100 nm in diameter); medium EVs, also indicated as shedding vesicles or microvesicles (50–1000 nm); and large EVs, including migrasomes (500–3000 nm) and apoptotic bodies (50–5000 nm) [17,18]. EV biogenesis involves a series of complex intracellular processes that culminate in their release into the surrounding microenvironment, as summarized in Figure 1. EVs can represent the result of the cellular sorting machinery, including endocytosis, exocytosis, and vesicle-specific intracellular processes such as the endosomal sorting complex required for transport (ESCRT). During endocytosis, cell plasma membranes invaginate to form intracellular vesicles containing material from the extracellular environment. These vesicles can subsequently mature into early and late endosomes, which can be destined for EV formation. Exosomes are formed by the process of membrane invagination in the lumen of the multi-vesicular endosomal compartment (MVE), leading to the formation of small intraluminal vesicles (ILVs) in multi-vesicular bodies (MVBs). These ILVs are released when MVBs fuse with the cell membrane. Exosomes are characterized by the presence of both external and internal proteins, such as tetraspanins (CD63, CD9, CD81), flotillin, annexin, heat shock proteins (HSP70 and HSP90), and biogenesis proteins (tumor sensitive gene and Alix) [19,20]. With respect to exosome biogenesis, the mechanisms of microvesicle formation are still the subject of active research. It is hypothesized that microvesicles are formed mainly through a process of direct protrusion and cleavage from the plasma membrane, mediated by reseptins and other factors that regulate membrane dynamics. However, a complete understanding of these mechanisms requires further investigation [21]. Migrasomes grow at intersections of tubular structures called retraction fibers (RFs) after cell migration, while apoptotic bodies arise from membrane blebbing during cell-programmed death [22]. However, since it is challenging to isolate vesicles of a specific origin through precise separation and concentration techniques, MISEV2023 suggests that the most appropriate classification is based on size, such as small EVs (<200 nm) and large EVs (>200 nm) [16,23]. The rising interest in EVs relies on their crucial role in intercellular communication. Indeed, EVs are conveyors of intercellular communication since they are released into the extracellular space with the advantage of protecting their cargo content from enzymatic degradation [24]. EVs enter body fluids, reach distant tissues, and can (1) link to cell surfaces, initiating intracellular signaling pathways by ligand-receptor interactions; (2) be internalized by recipient cells mainly through clathrin- or caveolin-mediated endocytosis, macro-pinocytosis, and phagocytosis; or (3) enter target cells via direct fusion with the cell membrane, facilitated by proteins such as SNAREs and Rabs [25,26,27,28,29,30,31,32,33]. Nevertheless, the specific mechanism underlying EV uptake from target cells is still a matter of debate [25].



The communication mediated by EVs results in the modulation of signaling pathways in the responder cell under physiological conditions as well as during the onset and development of pathological states, depending on their cell source and the molecular mechanisms leading to their biogenesis [31]. EV paracrine effects can range from the activation of responder cells in terms of proliferation, migration, and differentiation, to the modulation of tissue repair mechanisms, and even the alteration of the immune response. By transporting bioactive substances, including proteins, nucleic acids, lipids, and metabolites, EVs mediate the horizontal transfer of molecular instructions and regulatory molecules in the target cells, altering their gene expression and mediating functional effects [32]. Of particular interest, EVs can be sourced in vitro from cells following their release into the cell-conditioned medium (representing the total cell secretome). This has been broadly documented for a wide variety of human cell types, such as mesenchymal stromal cells (MSCs), immune cells, cancer cells, endothelial cells, cardiac cells, and cardiovascular cells. Additionally, EVs can be sourced from biological fluids such as blood plasma, saliva, amniotic fluid, urine, cerebrospinal fluid, and milk [33,34,35,36,37,38,39,40,41,42].




3. Exploiting EVs in Cardiovascular Disease


EVs may represent interesting tools with different relevant applications in the CVD field. Indeed, depending on the specific cell source, EVs hold great potential for use in the diagnosis and prognosis of cardiac dysfunction, as well as novel therapeutic agents, particularly in the context of acute myocardial infarction and heart failure [43,44]. Their role as diagnostic elements, providing insight into disease onset and the contribution of the different cardiac cells to pathophysiological progression, has been recently demonstrated in different studies [45,46,47,48,49]. Since EVs may play a key role in the myocardial immune response and inflammation, they have been suggested as non-invasive biomarkers for CVD. Circulating EVs, withdrawn from the blood through liquid biopsy, have been profiled based on their microRNA cargo or phenotypic signature as prognostic biomarkers for systemic inflammation with significant clinical impact for SARS-CoV-2 infection [50,51], heart transplant rejection [52], and patient stratification according to the CVD risk profile [53,54] and different stroke types, thus improving diagnosis [55,56,57]. Blood-borne inflammatory EVs have also been demonstrated as representing theranostic targets: they are released in the acute and chronic phases of myocardial ischemia and subsequent inflammatory progression, affecting cardiomyocyte viability and cardiac function [58]. Circulating small EVs in cardiovascular patients may also serve as therapeutic targets for pharmacological modulation. In a recent study, patients with AMI and undergoing coronary angioplasty were infused with cytidine-5’-diphosphocholine at reperfusion and for the following 5 days; plasma-derived EVs showed a different miRNA cardioprotective profile with improved paracrine effects on in vitro cell viability [59].



Progenitor cell-derived EVs have fueled mounting enthusiasm as candidate treatments for the delivery of trophic and stimulatory paracrine effects to diseased myocardium. These EVs can trigger pro-survival, pro-angiogenic, and anti-fibrotic mechanisms, fostering cardiac repair and regeneration. Notably, EVs possess many attractive advantages as innovative cardioactive and cell-mimetic therapeutics, offering a cell-derived, yet cell-free strategy. They exhibit low immunogenicity, biocompatibility, stability, and low cytotoxicity—qualities that are difficult to achieve with artificial nanoparticles [30,60,61,62]. Moreover, EVs may offer unequivocal advantages over canonical cell therapy as a ready-to-use formulation for drug delivery, providing off-the-shelf clinical readiness in combination with low immunogenicity and long-term stability (as extensively reviewed in [63,64]). Several preclinical studies have indicated that human mesenchymal stromal cell (MSC)-derived EVs are an appealing approach to limit cardiac damage and heart disease, overall improving cardiac function [44,65,66,67,68,69], as indicated in the schematic in Figure 2. Differences in the therapeutic use of several types of progenitor-derived EVs may depend on their inherent characteristics, the availability of isolation and characterization methods, and the specific needs of research or therapeutic applications [70].



In this review, we will consider some critical aspects that have yet to be properly addressed for future translation of progenitor cell EVs as candidate therapeutics against CVD.




4. Defining the Optimal Source of EVs for Future Cardiac Paracrine Therapy


Isolation feasibility, elevated self-renewal, prolonged cryopreservation with a stable karyotype, and a tunable secretory profile are all key aspects of an ideal cell source of cardioactive EVs to be exploited for future paracrine therapy. Different human stem/progenitor cells and MSC populations have been investigated as relevant sources for therapeutic EVs. Indeed, a growing body of evidence suggests that the release of paracrine mediators, including EVs, may represent the bona fide mechanism of action of MSCs in limiting cardiac remodeling, fibrosis, and inflammation while improving cardiomyocyte survival in many preclinical models of CVD.



Mesenchymal stromal cells. Adult MSCs are commonly obtained from bone marrow and adipose tissue samples. Human bone marrow MSC-EVs (hBM-MSC-EVs) have been shown to promote HUVEC proliferation, migration, and tube formation, suggesting a pro-angiogenic effect [81]. This was further confirmed in vivo in a rat model of AMI, where hBM-MSC-EVs injected intramyocardially led to a significant reduction in infarct size while promoting neovascularization and overall enhancing cardiac function. Similar beneficial effects were described by other independent studies, where hBM-MSC-EVs rescued neonatal mouse cardiomyocytes against oxidative damage by reducing cellular damage and apoptosis, as assessed with Annexin V/Propidium Iodide (PI) staining [71]. Human adipose tissue-derived MSC-EVs (hAD-MSC-EVs) have also been tested in vitro on induced pluripotent stem cell-derived cardiomyocytes in an experimental model of cardiac hypertrophy [72]. The administration of hAD-MSC-EVs resulted in reduced protein expression of hypertrophic markers such as the atrial natriuretic factor (ANF), type 1 collagen alpha 1 (COL1A1), and decreased gene expression of the pro-inflammatory interleukin-6 (IL-6) [72]. Murine adipose tissue MSC-EVs (AD-MSC-EVs) have been tested on rats with doxorubicin-induced heart failure, leading to improved cardiac function, as shown by increased myocardial ATP content, ejection fraction, and fractional shortening. Serum levels of atrial natriuretic peptide (ANP), which indicate HF progression, were substantially lowered by AD-MSC-EV priming. Additionally, there was a significant decrease in pro-apoptotic markers such as Bax, Caspase-3, and p53 in the cardiac tissue [85]. Likewise, rat AD-MSC-EVs administered to a rat model of AMI counteracted myocardial fibrosis, improved cardiac function, and promoted macrophage skewing towards the pro-resolving M2 phenotype. Serum analysis showed that AD-MSC-EVs reduced AMI-induced levels of IL-6, interleukin-1 beta (IL-1β), interferon gamma (IFN-γ), and tumor necrosis factor-alpha (TNF-α), with a significant contribution from the S1P/SK1/S1PR1 signaling pathway [77]. Rat bone marrow-MSC (BM-MSC-EVs) have also been tested in an in vitro model of cardiac hypertrophy on H9c2 cells, resulting in the downregulation of Bax and Caspase-3 and upregulation of Bcl-2, overall reducing apoptosis. Inflammation was also curbed, as evidenced by decreased levels of brain natriuretic peptide (BNP), IL-1β, IL-4, IL-6, and TNF-α. These cardioprotective effects have been associated with the Hippo-YAP pathway, which regulates cell proliferation and apoptosis in various diseases, including HF [73,74].



Adult human MSCs have shown an excellent safety profile in clinical assessments; however, significant inter-donor variation in terms of yield, limited self-renewal capacity, and phenotypic drift during their in vitro expansion have been also reported. Additionally, the risk of exposure to a lifetime of environmental stimuli (i.e., inflammaging) may negatively influence their therapeutic profiles. Therefore, human pre/perinatal MSCs have been recently suggested as an appealing alternative. Extra-embryonic annexes obtained as leftover samples from prenatal diagnosis (such as II trimester amniotic fluid via routine amniocenteses) or clinical waste material at birth (i.e., discarded term placenta membranes and umbilical cord tissue) are enriched in developmentally immature MSCs expressing relevant therapeutic paracrine potential, as indicated by several preclinical models of CVD. Human amniotic fluid-derived stem cells (hAFSCs) have been described as a source of EVs exerting relevant cardioprotective effects in preclinical models of myocardial injury. hAFSC-EVs rescued cardiac function in a rat model of AMI with relevant effects up to 28 days post-injury following a single intramyocardial treatment in the acute setting [82]. Resident cardiomyocytes showed cell-cycle re-entry in the peri-infarcted zone with active incorporation of bromodeoxyuridine, and epicardial progenitor cells reactivated the expression of the key embryonic transcription factor WT1, indicating a reawakening of endogenous regenerative processes. Likewise, hAFSC-EVs delivered intravenously in a rat model of ischemia/reperfusion reduced infarct size [86]. Additionally, anti-fibrotic and pro-angiogenic effects have also been described by hAFSC-EVs as systemically delivered to a rat model of isoproterenol (ISO)-induced cardiac fibrosis. Administration of hAFSC-EVs after 2 weeks from the induction of fibrosis led to lower protein levels of collagen 1 and α-SMA, while promoting angiogenesis and microvascular network [87]. hAFSC-EVs have also been employed to extend the perinatal regenerative window for myocardial renewal in a neonatal mouse model of AMI, both in vitro and in vitro. Mouse neonatal ventricular cardiomyocytes were stimulated with fetal hAFSC-EVs (from amniotic fluid of II trimester gestation from amniocentesis) versus perinatal hAFSC-EVs (as from amniotic fluid obtained at term from scheduled C-section procedures) [83]; only cells treated with the more immature fetal hAFSC-EVs showed a significant increase in the progression from the cell cycle from S- to M-phase up to cytokinesis, with signs of de-differentiation with downregulation of Cofilin-2 (CFL2), a miRNA-targeted regulator of cytoskeleton and sarcomere disassembly. Fetal hAFSC-EVs delivered by intraperitoneal injection increased cardiomyocyte cell cycle progression in the 4-day-old neonatal left ventricle myocardium shortly after AMI; yet, this effect was lost at a later stage. Fetal hAFSC-EVs were enriched with an isoform of Agrin, a mediator of neonatal heart regeneration acting through YAP-related signaling. Similarly, human umbilical cord-MSCs-EVs (hUC-MSC-EVs) have been described as delivering cardioprotective effects in limiting cardiac fibrosis and mediating recovery of cardiac function in the long-term when administered intravenously in a rat model of acute AMI [88]. Term placenta membranes represent another appealing perinatal derivative from which mesenchymal stromal cells, and their secreted EVs, can be isolated. Human placental mesenchymal stromal cells-EVs (hPMSCs-EVs) have been shown to decrease plasma and myocardial aspartate transaminase (AST) and brain natriuretic peptide (BNP) and quench local myocardial in inflammation by decreasing pro-inflammatory interleukins IL-1β, IL-6 and tumor necrosis factor-α (TNF-α), overall limiting tissue injury in a mouse model of AMI when administered intravenously [78].



Cardiac progenitor stromal cells. Remarkable cardioprotective effects have also been observed from EVs released from endogenous cardiac cell populations within the heart. Cardiac progenitor/stromal cells (CPCs) represent a rare population with relevant potential to contribute to cardiogenesis during embryonic development, which becomes almost completely quiescent in adulthood. While the role of CPCs in actively contributing to cardiovascular lineages postnatally and following injury is currently a matter of debate [89,90,91], several lines of investigation have highlighted their relevant trophic paracrine effects [92,93]. Epicardium-derived progenitor cells (EPDCs) can release EVs enhancing the proliferation of neonatal murine cardiomyocytes in vitro. When injected into the injured area of infarcted neonatal hearts, EPDCs promoted cell cycle re-entry via the activation of Akt, Hippo, and ERK pathways [84]. Human EPDC-EVs were also tested in vitro on an engineered human myocardium (EHM) cryoinjury model, which mimics cardiomyocyte loss and decreased force generation. At day 7 post-injury and treatment with EPDC-EVs, the contractile function was enhanced. Both murine and human EPDC-EVs were found enriched with cardioprotective miRNAs, including miR-99a-5p, miR-30e-3p, miR-30a-5p, miR-21-5p, miR-23b-3p, miR-181a-5p, miR-27a-3p, miR-100-5p, and miR-146a-5p. Human CPCs (hCPCs), obtained from atrial appendage explants from patients who underwent heart valve surgery, have been shown to improve cardiac function after injury. The EVs released from such cardiac stromal populations have been recently broadly investigated in several preclinical models of myocardial injury, including AMI and pharmacologically-induced cardiotoxicity. EVs were shown to be the cardioprotective component of the paracrine secretion of hCPC, both in vitro and in vivo. hCPC-EVs inhibited HL-1 cardiomyocyte cell death, likely due to their miR-210 content targeting pro-apoptotic ephrin A3 and PTP1b, while supporting tube formation in HUVECs via miR-132 delivery. When injected into infarcted rat hearts, they counteracted resident cardiomyocyte apoptosis, enhanced cardiac function, and supported local angiogenesis [75]. Similar results were validated in a large animal model, wherein intracoronary delivery of hCPC-EV reduced the infarct size in porcine acute myocardial infarction [94,95]. hCPC-EVs were also tested in preclinical murine models of doxorubicin/trastuzumab-induced cardiotoxicity. Proteomic profiling of hCPC-EVs has indicated an enrichment of proteins involved in redox processes. When systemically injected in a rat model of oncological therapy-derived cardiotoxicity, they significantly contributed to reducing ROS levels in the injured heart, while counteracting fibrosis, decreasing the levels of interstitial collagen 1 deposition and inflammation, and lowering the CD68+ macrophage infiltrate [76]. hCPC-EVs have also been described as highly enriched in miR-146a, which was shown to functionally concur with the mechanism of cardioprotective actions exerted on target cells [76,96]. Furthermore, miR-181b encapsulated EVs derived from human cardiosphere-derived cells (CDCs), which are obtained by culturing self-assembling spherical aggregates of hCPC, reduce PKCδ expression in activated monocytes and enhance the macrophage-mediated cardioprotective effects [79].



Induced pluripotent stem cells. Another appealing cell source of EVs is represented by induced pluripotent stem cells (iPSCs). Indeed, human iPSCs (hiPSCs) have been used to obtain cardiac and cardiovascular progenitors for cell therapy against heart injury, with encouraging results in terms of cardiac function improvement. These improvements are most likely attributed to the soluble factors secreted by the cells [80,97,98]. Therefore, EVs from iPSC and their derivatives have lately attracted increasing interest in cardiac paracrine therapy. Murine iPSC injected intramyocardially at 48 h after reperfused myocardial infarction in mice showed improved cardiac function. Additionally, murine iPSC-EVs exhibited even greater cardiac repair potential and proved to be safe, whereas iPSC delivery resulted in teratoma development in vivo [99]. EVs obtained from the secretome of human iPSC-derived cardiovascular progenitors (hiPSC-Pgs) have been shown to impart cardioprotective effects on cardiac cells in a mouse model of chronic heart failure. This was achieved by preserving left ventricular function following transcutaneous echo-guided injection in the pre-infarcted zone 3 weeks after AMI [100]. Similarly, hiPSC-Pg-EVs were also tested in a murine AMI model showing a reduction in inflammation. Specifically, there was a decrease in pro-inflammatory M1 macrophages along with an increase in pro-resolving M2 macrophages within the treated myocardium [80]. Furthermore, hiPSC-Pg-EVs reduced levels of pro-inflammatory cytokines, such as IL-1α, IL-2, and IL-6, and simultaneously increased levels of anti-inflammatory cytokine IL-10 [96]. iPSC-cardiac progenitor cell EVs have also been applied to rodent models of chemotherapy-induced cardiomyopathy with intraperitoneal delivery. These EVs contributed to preventing maladaptive remodeling, inhibiting the onset of fibrosis, and decreasing the expression of heart failure molecular indicators (such as myosin heavy chain isoforms Myh6/Myh7 ratio) [97].



Overall, progenitor cell-derived EVs have demonstrated relevant cardiac repair and regenerative potential by exerting remarkable paracrine modulation, acting on multiple levels on cardiac and cardiovascular cells. These include anti-oxidant, anti-inflammatory, anti-fibrotic, pro-survival, pro-angiogenic, and proliferative effects (as illustrated in Figure 2 and summarized in Table 1). These actions collectively antagonize maladaptive ventricular remodeling and myocardial dysfunction, ultimately leading to cardiomyopathy and heart failure.



Different human cell sources may offer distinctive advantages, according to the ease of isolation, self-renewal capacity, stability, and the EV yield from their secretome. The ideal source choice should be pondered according to the EV-derived cardioactive or cardioprotective effect for the specific cardiovascular disease (i.e., acute AMI, chronic cardiomyopathy, cardiotoxicity).




5. Optimization of Cardiac Delivery: From Macro- to Nano-Applications


EVs have been shown to deliver pleiotropic beneficial effects on the cardiac tissue by acting on several key mechanisms that characterize the damaged heart, ranging from chronic inflammation and fibrotic remodeling to lack of myocardial regeneration and local angiogenesis, all of which affect cardiac function. Most studies are based on systemic delivery of EVs as it is a less invasive and more clinically relevant administration route. Yet, this strategy may be significantly affected by unspecific uptake by off-target cells of the administered EVs before reaching the myocardial tissue. On the other hand, local intramyocardial injection during cardiac surgery or trans-endocardial delivery using an advanced multicomponent catheter combined with imaging mapping systems may not be a feasible option for all CVD patients, especially when multiple treatment administrations are required. Moreover, once EVs are in the myocardial tissue, they can interact with different resident cardiac and cardiovascular cells, including endothelial, smooth muscle, and epicardial cells, in addition to the typical targets such as cardiomyocytes and fibroblasts. Thus, in order to define a feasible approach for future clinical translation, it is necessary to optimize cardiac delivery strategies to ensure the following: (i) controlled and sustained administration of the EV therapeutic dosage and (ii) cardiac-specific targeting of the EV formulation. The implementation of heart-targeted therapies to boost EV uptake by target cells will dramatically improve paracrine treatment efficiency and effectiveness, while drastically limiting any side effects on other organs, as illustrated in Figure 3. A relevant technical and clinical challenge is also represented by the ability to efficiently deliver ready-to-use EV therapeutics to the myocardium at the appropriate timing and according to the specific CVD situation. Indeed, to prevent detrimental pathological remodeling after MI, paracrine medicinal products should be provided immediately at reperfusion as a single administration during percutaneous coronary intervention. To inhibit long-term and off-target cardiotoxicity of drug treatments (i.e., oncological chemotherapy), paracrine therapeutics should be used in advance or during the concomitant pharmacological therapy through multiple administrations to shield the heart from detrimental side effects. Both scenarios compel the administration route to be optimized to be as patient-compliant as possible. As a matter of fact, the functional validation of EVs requires the design of targeted delivery systems to ensure prolonged paracrine activity and refine the administration regime.



Biomaterial-embedding EVs. The recent evolution of smart biomaterial engineering has led to improved formulations of biocompatible scaffolds that can be combined with EVs to enhance their release into the heart. These formulations offer options for acute single local administration for AMI or controlled release to provide repeated treatments for chronic CVD. Injectable biodegradable hydrogels have demonstrated mechanical protective properties that are beneficial for the ischemic myocardium [101]. Several natural hydrogels have been suggested for cardiac tissue engineering approaches, including fibrin and alginate, collagen, hyaluronic acid (HA), Matrigel, or chitosan-based formulations [102]. Hydrogels with features mimicking the cardiac microenvironment have been designed as EV delivery systems to enhance local intramyocardial retention, maximize paracrine action, and provide medium- to long-term sustained release for AMI patients [103]. Rodent BM MSC-EVs incorporated in alginate hydrogel and injected intramyocardially in the rat infarcted area have been shown to decrease cardiac cell apoptosis, promote macrophage polarization, and improve long-term cardiac function. Hydrogel-embedded EVs were retained in situ, thus ensuring controlled release and preventing their fast diffusion out of the heart. The hydrogel acted as a temporary local reservoir, enabling slow administration and effectively mediating cardiac repair. As a result, the EVs were highly sustained in the heart and scarcely present in the liver, lungs, and spleen, in contrast to the delivery of EVs in free form [104]. More recently, human umbilical cord-MSC-EVs loaded on a clinical-grade HA biomaterial were tested in a clinically relevant model of rodent chronic heart failure. The model mirrors the situation of patients who, despite early reperfusion after myocardial ischemia, subsequently develop detrimental left ventricular remodeling and might require long-term treatment. HA-carried EVs preserved cardiac function, improved angiogenesis, and decreased both apoptosis and fibrosis when compared to intramyocardial administration of EVs in their free form [105]. In situ cardiac patch formation following intrapericardial injection of MSC-EV-loaded biocompatible methacrylic anhydride–HA hydrogels has been recently described. Such a strategy resulted in the hydrogel providing a repository structure in the pericardial cavity, while modulating immune response and increasing the cardiac retention of the therapeutics acting on epicardial progenitors underneath, thus supporting endogenous cardiac repair mechanisms [106]. Similar results have also been obtained in larger preclinical animal models. EVs from porcine cardiac adipose tissue-derived MSCs (cATMSCs) embedded into a pericardial peptide hydrogel scaffold have been delivered to the ischemic myocardium in a pig AMI model. This delivery strategy resulted in the confined administration of the nanoparticles, guaranteeing the local release of the EV dosage with the generation of a vascularized niche for endogenous cell recruitment and modulation of short-term post-ischemic inflammation [107,108]. An injection-free approach to deliver EVs onto the cardiac surface to treat a preclinical mouse model of AMI has also been proposed. This method involves applying a spray mixture of EVs, gelatin methacryloyl (GelMA) precursors, and photo-initiators with visible light irradiation for 30s. The EVs were trapped in the hydrogel network formed in situ and then gradually released with diffusion and enzymatic degradation of the polymer, concurring to improve cardiac function [109]. While this strategy demonstrated that needle-based intramyocardial injection of the EV-loaded smart biomaterial is not necessary, it still requires direct access to the cardiac surface via an invasive approach.



Engineering EVs. These studies support the hypothesis that the progressive release of EVs sustains therapeutic effects while limiting undesirable biodistribution in the body. Nevertheless, not all CVD patients (i.e., patients suffering from cancer-related cardiotoxicity and cardiomyopathy) may be eligible for EV paracrine therapy involving in situ delivery procedures, as required by hydrogel-based systems. Simultaneously, EVs delivered intravenously are rapidly cleared, primarily accumulating in the liver, thus failing to reach the heart and increasing the likelihood of off-target effects. Thus, alternative strategies have been developed to improve the on-target binding of EVs at both cell-type-specific (i.e., cardiomyocytes versus fibroblasts as target cells) and tissue-specific levels through a less invasive systemic injection route. Such strategies focus on nano-functionalization or bioengineering of the EV surface, achievable by modifying the donor secreting cell (MSC, CPC, iPSC, etc.) or directly functionalizing EVs post-purification [110]. EVs can be engineered to express peptides on their surface to increase targeting to the heart tissue and their retention by cardiac cells. Several studies have identified cardiac-specific peptides with different motifs, such as CSTSMLKAC (cardiac homing peptide, CHP), CKPGTSSYC, and CPDRSVNNC [111], exhibiting preferential binding to rat ischemic heart tissue. APWHLSSQYSRT (termed Cardiac Targeting Peptide, CTP) has been shown to be promptly internalized by H9c2 cells in vitro [112], while WLSEAGPVVTVRALRGTGSW (CardioMyocyte specific Peptide, CMP) was found to address a region in an extracellular matrix protein, tenascin-X, preserved across species and specifically for primary cardiomyocytes [113]. To induce the expression of these guiding peptides on the EV surface, the secreting parental cells can be genetically modified in vitro with a lentivirus construct carrying the Lamp2b protein fused to a myocardium-targeting peptide [114]. Cardiosphere-derived cell-derived EVs (CDC-EVs) have been engineered to insert the CMP peptide on their surface using a lentiviral vector encoding for the CMP peptide fused to the Lamp-2b protein [115]. Functionalized CDC-EVs exhibited increased uptake by primary neonatal mouse cardiomyocytes compared to non-engineered CDC-EVs in the short-term post-administration. Ex-vivo imaging analysis further confirmed that CMP-targeted CDC-EVs presented improved retention within the heart, compared to naïve CDC-EVs. The same strategy was used to expose CTP on human HEK293 cell-derived EVs [116], with higher efficiency of uptake from the cardiomyocyte-like H9c2 cell line compared to control EVs only expressing Lamp-2b. In vivo, following injection in the tail vein, CTP-modified EVs were internalized by the cardiac tissue with a 15% increase. Considering that the injured infarcted area may be enriched with cardiomyocyte-released cardiac troponin I (cTnI), the Lamp-2b technology has also been successfully used to express cTnI-targeting-peptide on EVs [117]. A similar approach was performed using the C1C2 domain of the human lactadherin protein instead of Lamp-2b; HEK cells were transfected with a lentiviral plasmid with 3 CHP coding sequences fused to the N-terminus of the C1C2 domain, and intravenous administration of CHP-exposing EVs led to enhanced localization to the rat ischemic myocardium [118].



Modulation of EV biodistribution and targeting can also be achieved through chemical functionalization of the vesicle surface using either copper-free click chemistry, to insert linkers to functional carboxyl or amine groups binding specific peptides on the EV, or by means of physical incorporation/absorption of lipoproteins (as reviewed in [110]). In click chemistry, two molecular structures are joined together via the cycloaddition of an azide to an alkyne molecule to form a triazole with high yield and selectivity [119,120]. MSC-EVs have been functionalized with an alkyne (dibenzylcyclooctyne-sulfo-N-hydroxysuccinimidyl ester, DBCO-sulfo-NHS) that reacts with an azide linked to the CHP peptide [121]. In a mouse preclinical model of AMI, intravenous administration of engineered EVs resulted in a higher and more specific uptake of CHP-MSC-EVs by the ischemic myocardium compared to scramble (Scr)-MSC-EVs, which were mainly retained by the liver, lungs, and kidneys. Additionally, the CTP peptide has been bound to the surface of human peripheral blood-derived EVs (hPB-EVs) by bio-orthogonal copper-free click chemistry to create CTP-hPB-EVs. This modification enhanced the internalization of CTP-hPB-EVs by hiPSC-cardiomyocytes and cardiac AC16 and H9c2 cell lines, compared to EVs modified with scramble peptide (Scr-hPB-EVs). Furthermore, CTP-hPB-EVs demonstrated a high tropism for cardiomyocytes compared to fibroblast and endothelial cells [122]. Functionalization of CPC-EVs with CHP has also been recently reported using a molecular linker without click chemistry. EVs were conjugated with CHP through a dioleoylphosphatidylethanolamine N-hydroxysuccinimide (DOPE-NHS) linker, resulting in increased retention within the myocardial tissue in a mouse model of ischemia/reperfusion injury and significant improvement in cardiac repair outcomes. Enhanced targeting of EVs to injured tissue has further been reported by optimizing an EV membrane anchoring platform known as "cloaking", which involves directly embedding tissue-specific antibodies or homing peptides on the vesicle membrane for enhanced uptake by the target cells. The cloaking system consists of a 1,2-bis(dimethylphosphino)ethane (DMPE) phospholipid membrane anchor, polyethylene glycol (PEG) spacer, and a conjugated streptavidin platform molecule, allowing for the binding of any biotinylated molecule to obtain EV nano-functionalization. This approach results in increased uptake of EVs in cardiac tissue in a rat model of ischemia/reperfusion [123].



Microenvironment mimetics. Hybrid EVs as enveloped with cell membranes from monocytes and platelets have also been tested in order to take advantage of mononuclear phagocyte system (MPS) evasion, thus lowering EV clearance by macrophages, while exploiting the recruitment feature of monocytes and platelets to injured myocardium. The chemokine ligand CCL2 targets cardiomyocytes, fibroblasts, and endothelial cells and interacts with the corresponding C-C chemokine receptor 2 (CCR2) on the surface of infiltrating macrophages. Recently, cardiac-resident macrophage-EVs (mEVs) have been modified with monocyte membranes, creating CCR2 positive-MmEVs. Enveloping mEVs with monocyte membranes (Ms) resulted in increased EV uptake by cardiac cells and better targeting of the damaged myocardium. This was achieved with MPS evasion and the binding of CCR2-positive MmEVs to CCL2 expressed on cardiac cells in the infarct area. MPS evasion was possible due to the MmEV surface expression of the differentiation cluster 47 (CD47-“do not eat me” signal), which interacts with the receptor signal-regulated protein α (SIRP α) on innate immune cells, hence avoiding immune clearance by the MPS and allowing more time for tissue targeting. Both immunofluorescence and flow cytometry analyses revealed that MmEVs were significantly taken up by cardiomyocytes, with a 2-fold increase compared to naïve mEVs. When administered intravenously via the rodent tail vein, MmEVs showed higher retention within the heart with lower accumulation in the liver [124]. A monocyte-mimicking method has also been reported based on the hypothesis that modification of EVs with monocyte membranes could enhance their cardiac retention through interaction with ischemia-injured endothelial cells and cardiomyocytes. Monocyte membranes were prepared from RAW264.7 cells and rat BM-MSC-EVs were enveloped within them (Mon-EVs) using an extrusion method. When injected intravenously in a mouse model of AMI, Mon-EVs showed increased retention in the heart compared to naive EVs, based on the interaction of adhesive molecules, such as the macrophage receptor 1 (Mac1) on the monocyte surface with ICAM-1, which is overexpressed in the infarcted myocardium [125].



Another explored biomimetic approach takes advantage of the natural infarct-homing ability of the platelet membrane [126]. This strategy involves creating membrane-camouflaged EVs endowed with a “do not eat me” signal via CD47 surface expression to avoid uptake by macrophages. MSC-EVs covered by platelet membrane (P-MSC-EVs) have been shown to significantly accumulate in the injured heart compared to unmodified MSC-EVs, with lower distribution to the liver and kidneys [127]. Another study illustrated that platelet-covered EVs can adhere to the injured vascular wall via the platelet surface glycoprotein (GPIbα) and von Willebrand Factor (vWF) secreted from an activated endothelium, suggesting that targeting may be enhanced by interaction with an injured endothelium [128]. Finally, through the overexpression of the CXC motif chemokine receptor 4 (CXCR4), researchers enhanced the effectiveness of systemic injection of cardioprotective hCPC-EVs by increasing their bioavailability to ischemic hearts, where the release of the natural ligand SDF-1 is enhanced. Intravenous administration of CXCR4-overexpressing EVs notably reduced infarct size and improved left ventricle ejection fraction after 4 weeks compared to naive EVs [129].




6. Translational Challenges


To define EVs as innovative investigational drug formulations and advance their potential for future clinical translation, several challenges (including methodological ones) have yet to be properly addressed. Hurdles exist at both basic biology and clinical application levels, particularly in terms of EV separation from non-vesicular extracellular particles within the cell secretome, their characterization, and potency assay studies. Regular updates on available approaches and optimized techniques are provided by the International Society for Extracellular Vesicle (ISEV) position papers, such as the latest version of the “Minimal Information for Studies of Extracellular Vesicles” [16].



There is currently no consensus on the ideal protocol for EV purification to ensure yield maximization from stem/progenitor cell secretomes. Indeed, each protocol may present some advantages and critical drawbacks. Most EV separation and concentration methods are based on their physical and chemical features such as size, density, or surface markers. Differential ultracentrifugation (dUC) is one of the most commonly used techniques in the literature. It separates EVs within a solution according to their size and density by applying different acceleration rates (in g or rpm) but may result in EV aggregation with significant protein co-isolation [130,131]. Density gradient ultracentrifugation is based on generating layers with increasing density from top to bottom or in reverse (using sucrose, iodixanol or iodhexol, and aqueous buffers), and the material containing the EVs can be loaded above or below such a gradient. The EVs are collected in a layer with comparable density. This method can be used to separate EVs from proteins in the same preparation, but it may lead to low recovery of high-purity EVs [132,133]. Size exclusion chromatography (SEC) is an easy-to-use technique that separates EVs from contaminating particles, such as lipoproteins, based on their size. This is achieved through a column with a pore-containing matrix, which facilitates the elution of bigger particles first (that do not enter the pores), followed by the elution of the smaller ones [134]. Yet, additional steps to concentrate the starting material before and after SEC may be necessary and time-consuming on the volume to load on the column and the final eluted volume [135,136]. Ultrafiltration is another size-based technique that involves forcing the EV-containing sample through membranes with a specific molecular weight cut-off (mostly from 10 to 1000 kDa) inserted into a column. This strategy includes both dead-end filtration (DF) and tangential flow filtration (TFF), both allowing the separation of EVs (in the retentate) from contaminants (in the permeate) [137]. TFF allows high-volume processing but requires specialized and costly equipment. Moreover, material adhering to the membrane can cause clogging, thus reducing the efficiency and effectiveness of EV separation in both techniques [138,139,140,141,142]. Fluid-flow-based separation (FFS) is a group of methods for the liquid-phase separation of macromolecules or particles in the 1–100-micron range, which is also applied to EVs. In field-flow fractionation (FFF), the sample is separated inside a flow channel, which is a column devoid of a stationary or solid phase, allowing high particle recovery. This technique allows a gentle flow for EV separation and size-based separation with high resolution but is associated with cross-contamination between different fractions and limited scalability due to the small amount of sample that can be loaded [143,144]. Standardization of EV separation and concentration also requires optimization of in vitro culture and expansion of the secreting progenitor cell source. Indeed, large-scale production of Good Manufacturing Practice (GMP)-grade EVs should minimize the risk of batch-to-batch variation. In such a perspective, an in vitro 3D culture of MSCs and their immortalization have been proposed as relevant approaches to boost and standardize EV yield while also improving their therapeutic effects [145,146].



EV heterogeneity represents another important aspect. Cell-derived EVs contain a variety of bioactive paracrine molecules, including proteins, nucleic acids, and lipids, mirroring the parental cell condition, which can eventually be influenced by the separation and concentration method. Since EV heterogeneity may influence their paracrine potential, it represents a critical aspect for the standardization of future therapies. The challenging task ahead involves precisely defining the therapeutic cargo and dosage. Thus, further investigations on reliable potency assays on target cells are necessary to pinpoint the dosage and the kinetics of the cardioactive effects exerted by EVs. Indeed, a better understanding of the impact of EV heterogeneity in clinical application is crucial for elucidating their mechanisms of action in cardiac repair.



Although EV-based cardiac therapy has generally been deemed safe, recent concerns have emerged regarding possible pro-arrhythmogenic complications, which still require systematic evaluation. Nonetheless, recent evidence indicates that EV treatment should not significantly increase the risk of arrhythmia predisposition [95]. The optimization of EV-cardiac delivery and targeting is a rapidly evolving research field. While no adverse effects have been reported so far, further investigations should be performed to exclude any possible negative side effects in the long-term in terms of treatment safety and efficacy.




7. Conclusions


The emerging field of EVs as candidate therapeutics for CVD holds great promise. Surely, EVs represent very appealing biological entities with a huge impact. However, their translational potential still requires comprehensive investigation to establish them as reliable and effective medicinal products. On top of standardizing EV separation and concentration techniques, purification protocols should be optimized as well. Likewise, precise functional assessment of EV release and uptake should provide key insights to implement scientific knowledge, thereby accelerating progress in the regenerative field.







Author Contributions


Conceptualization, L.G. and S.B.; writing—original draft preparation, L.G.; writing—review and editing, L.B. and S.B.; supervision, L.B. and S.B. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Acknowledgments


The authors would like to thank Antonietta Silini, from Centro di Ricerca “E. Menni,” Fondazione Poliambulanza Istituto Ospedaliero in Brescia, Italy, for critical reading and assistance in revising the English grammar and style of the manuscript.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Truby, L.K.; Rogers, J.G. Advanced Heart Failure: Epidemiology, Diagnosis, and Therapeutic Approaches. JACC Heart Fail. 2020, 8, 523–536. [Google Scholar] [CrossRef] [PubMed]

	



Roger, V.L. Epidemiology of Heart Failure. Circ. Res. 2013, 113, 646–659. [Google Scholar] [CrossRef] [PubMed]

	



Segers, V.F.M.; Lee, R.T. Stem-Cell Therapy for Cardiac Disease. Nature 2008, 451, 937–942. [Google Scholar] [CrossRef] [PubMed]

	



Bergmann, O.; Bhardwaj, R.D.; Bernard, S.; Zdunek, S.; Barnabé-Heide, F.; Walsh, S.; Zupicich, J.; Alkass, K.; Buchholz, B.A.; Druid, H.; et al. Evidence for Cardiomyocyte Renewal in Humans. Science 2009, 324, 98–102. [Google Scholar] [CrossRef] [PubMed]

	



Ferrini, A.; Stevens, M.M.; Sattler, S.; Rosenthal, N. Toward Regeneration of the Heart: Bioengineering Strategies for Immunomodulation. Front. Cardiovasc. Med. 2019, 6, 26. [Google Scholar] [CrossRef]

	



Lundy, S.D.; Gantz, J.A.; Pagan, C.M.; Filice, D.; Laflamme, M.A. Pluripotent Stem Cell Derived Cardiomyocytes for Cardiac Repair. Curr. Treat. Options Cardiovasc. Med. 2014, 16, 319. [Google Scholar] [CrossRef]

	



Paoletti, C.; Divieto, C.; Chiono, V. Impact of Biomaterials on Differentiation and Reprogramming Approaches for the Generation of Functional Cardiomyocytes. Cells 2018, 7, 114. [Google Scholar] [CrossRef] [PubMed]

	



Madonna, R.; Van Laake, L.W.; Davidson, S.M.; Engel, F.B.; Hausenloy, D.J.; Lecour, S.; Leor, J.; Perrino, C.; Schulz, R.; Ytrehus, K.; et al. Position Paper of the European Society of Cardiology Working Group Cellular Biology of the Heart: Cell-Based Therapies for Myocardial Repair and Regeneration in Ischemic Heart Disease and Heart Failure. Eur. Heart J. 2016, 37, 1789–1798. [Google Scholar] [CrossRef]

	



Volkova, M.; Raymond Russell, I. Anthracycline Cardiotoxicity: Prevalence, Pathogenesis and Treatment. Curr. Cardiol. Rev. 2011, 7, 214. [Google Scholar] [CrossRef]

	



Guha, A.; Caraballo, C.; Jain, P.; Miller, P.E.; Owusu-Guha, J.; Clark, K.A.A.; Velazquez, E.J.; Ahmad, T.; Baldassarre, L.A.; Addison, D.; et al. Outcomes in Patients with Anthracycline-induced Cardiomyopathy Undergoing Left Ventricular Assist Devices Implantation. ESC Heart Fail. 2021, 8, 2866. [Google Scholar] [CrossRef] [PubMed]

	



Alexander, J.; Dainiak, N.; Berger, H.J.; Goldman, L.; Johnstone, D.; Reduto, L.; Duffy, T.; Schwartz, P.; Gottschalk, A.; Zaret, B.L.; et al. Serial Assessment of Doxorubicin Cardiotoxicity with Quantitative Radionuclide Angiocardiography. N. Engl. J. Med. 2010, 300, 278–283. [Google Scholar] [CrossRef] [PubMed]

	



Broughton, K.M.; Wang, B.J.; Firouzi, F.; Khalafalla, F.; Dimmeler, S.; Fernandez-Aviles, F.; Sussman, M.A. Mechanisms of Cardiac Repair and Regeneration. Circ. Res. 2018, 122, 1151–1163. [Google Scholar] [CrossRef] [PubMed]

	



Sid-Otmane, C.; Perrault, L.P.; Ly, H.Q. Mesenchymal Stem Cell Mediates Cardiac Repair through Autocrine, Paracrine and Endocrine Axes. J. Transl. Med. 2020, 18, 336. [Google Scholar] [CrossRef]

	



Menasché, P. Cell Therapy Trials for Heart Regeneration—Lessons Learned and Future Directions. Nat. Rev. Cardiol. 2018, 15, 659–671. [Google Scholar] [CrossRef]

	



Gnecchi, M.; He, H.; Noiseux, N.; Liang, O.D.; Zhang, L.; Morello, F.; Mu, H.; Melo, L.G.; Pratt, R.E.; Ingwall, J.S.; et al. Evidence Supporting Paracrine Hypothesis for Akt-Modified Mesenchymal Stem Cell-Mediated Cardiac Protection and Functional Improvement. FASEB J. 2006, 20, 661–669. [Google Scholar] [CrossRef] [PubMed]

	



Welsh, J.A.; Goberdhan, D.C.I.; O’Driscoll, L.; Buzas, E.I.; Blenkiron, C.; Bussolati, B.; Cai, H.; Di Vizio, D.; Driedonks, T.A.P.; Erdbrügger, U.; et al. Minimal Information for Studies of Extracellular Vesicles (MISEV2023): From Basic to Advanced Approaches. J. Extracell. Vesicles 2024, 13, e12404. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, X.; Lei, Y.; Zheng, J.; Peng, J.; Li, Y.; Yu, L.; Chen, Y. Identification of Markers for Migrasome Detection. Cell Discov. 2019, 5, 27. [Google Scholar] [CrossRef]

	



Kakarla, R.; Hur, J.; Kim, Y.J.; Kim, J.; Chwae, Y.J. Apoptotic Cell-Derived Exosomes: Messages from Dying Cells. Exp. Mol. Med. 2020, 52, 1–6. [Google Scholar] [CrossRef]

	



Stȩpień, E.; Rzaca, C.; Moskal, P. Novel Biomarker and Drug Delivery Systems for Theranostics—Extracellular Vesicles. Bio-Algorithms Med-Syst. 2021, 17, 301–309. [Google Scholar] [CrossRef]

	



Vilaça-Faria, H.; Salgado, A.J.; Teixeira, F.G. Mesenchymal Stem Cells-Derived Exosomes: A New Possible Therapeutic Strategy for Parkinson’s Disease? Cells 2019, 8, 118. [Google Scholar] [CrossRef] [PubMed]

	



Colombo, M.; Raposo, G.; Théry, C. Biogenesis, Secretion, and Intercellular Interactions of Exosomes and Other Extracellular Vesicles. Annu. Rev. Cell Dev. Biol. 2014, 30, 255–289. [Google Scholar] [CrossRef] [PubMed]

	



Ma, L.; Li, Y.; Peng, J.; Wu, D.; Zhao, X.; Cui, Y.; Chen, L.; Yan, X.; Du, Y.; Yu, L. Discovery of the Migrasome, an Organelle Mediating Release of Cytoplasmic Contents during Cell Migration. Cell Res. 2014, 25, 24–38. [Google Scholar] [CrossRef] [PubMed]

	



Van Niel, G.; D’Angelo, G.; Raposo, G. Shedding Light on the Cell Biology of Extracellular Vesicles. Nat. Rev. Mol. Cell Biol. 2018, 19, 213–228. [Google Scholar] [CrossRef] [PubMed]

	



Klibi, J.; Niki, T.; Riedel, A.; Pioche-Durieu, C.; Souquere, S.; Rubinstein, E.; Moulec, S.L.E.; Guigay, J.; Hirashima, M.; Guemira, F.; et al. Blood Diffusion and Th1-Suppressive Effects of Galectin-9-Containing Exosomes Released by Epstein-Barr Virus-Infected Nasopharyngeal Carcinoma Cells. Blood 2009, 113, 1957–1966. [Google Scholar] [CrossRef] [PubMed]

	



Mulcahy, L.A.; Pink, R.C.; Carter, D.R.F. Routes and Mechanisms of Extracellular Vesicle Uptake. J. Extracell. Vesicles 2014, 3, 24641. [Google Scholar] [CrossRef] [PubMed]

	



Costa Verdera, H.; Gitz-Francois, J.J.; Schiffelers, R.M.; Vader, P. Cellular Uptake of Extracellular Vesicles Is Mediated by Clathrin-Independent Endocytosis and Macropinocytosis. J. Control Release 2017, 266, 100–108. [Google Scholar] [CrossRef] [PubMed]

	



Popēna, I.; Ābols, A.; Saulīte, L.; Pleiko, K.; Zandberga, E.; Jēkabsons, K.; Endzeliņš, E.; Llorente, A.; Linē, A.; Riekstiņa, U. Effect of Colorectal Cancer-Derived Extracellular Vesicles on the Immunophenotype and Cytokine Secretion Profile of Monocytes and Macrophages. Cell Commun. Signal. 2018, 16, 17. [Google Scholar] [CrossRef] [PubMed]

	



Pužar Dominkuš, P.; Stenovec, M.; Sitar, S.; Lasič, E.; Zorec, R.; Plemenitaš, A.; Žagar, E.; Kreft, M.; Lenassi, M. PKH26 Labeling of Extracellular Vesicles: Characterization and Cellular Internalization of Contaminating PKH26 Nanoparticles. Biochim. Biophys. Acta Biomembr. 2018, 1860, 1350–1361. [Google Scholar] [CrossRef] [PubMed]

	



Joshi, B.S.; de Beer, M.A.; Giepmans, B.N.G.; Zuhorn, I.S. Endocytosis of Extracellular Vesicles and Release of Their Cargo from Endosomes. ACS Nano 2020, 14, 4444–4455. [Google Scholar] [CrossRef]

	



Klyachko, N.L.; Arzt, C.J.; Li, S.M.; Gololobova, O.A.; Batrakova, E.V. Extracellular Vesicle-Based Therapeutics: Preclinical and Clinical Investigations. Pharmaceutics 2020, 12, 1171. [Google Scholar] [CrossRef]

	



Minciacchi, V.R.; Freeman, M.R.; Di Vizio, D. Extracellular Vesicles in Cancer: Exosomes, Microvesicles and the Emerging Role of Large Oncosomes. Semin. Cell Dev. Biol. 2015, 40, 41–51. [Google Scholar] [CrossRef] [PubMed]

	



Bebelman, M.P.; Smit, M.J.; Pegtel, D.M.; Baglio, S.R. Biogenesis and Function of Extracellular Vesicles in Cancer. Pharmacol. Ther. 2018, 188, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Bao, Q.; Huang, Q.; Chen, Y.; Wang, Q.; Sang, R.; Wang, L.; Xie, Y.; Chen, W. Tumor-Derived Extracellular Vesicles Regulate Cancer Progression in the Tumor Microenvironment. Front. Mol. Biosci. 2022, 8, 796385. [Google Scholar] [CrossRef] [PubMed]

	



Nakamura, Y.; Miyaki, S.; Ishitobi, H.; Matsuyama, S.; Nakasa, T.; Kamei, N.; Akimoto, T.; Higashi, Y.; Ochi, M. Mesenchymal-Stem-Cell-Derived Exosomes Accelerate Skeletal Muscle Regeneration. FEBS Lett. 2015, 589, 1257–1265. [Google Scholar] [CrossRef] [PubMed]

	



Guo, Y.; Yu, Y.; Hu, S.; Chen, Y.; Shen, Z. The Therapeutic Potential of Mesenchymal Stem Cells for Cardiovascular Diseases. Cell Death Dis. 2020, 11, 349. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.T.; White, A.J.; Matsushita, S.; Malliaras, K.; Steenbergen, C.; Zhang, Y.; Li, T.S.; Terrovitis, J.; Yee, K.; Simsir, S.; et al. Intramyocardial Injection of Autologous Cardiospheres or Cardiosphere-Derived Cells Preserves Function and Minimizes Adverse Ventricular Remodeling in Pigs With Heart Failure Post-Myocardial Infarction. J. Am. Coll. Cardiol. 2011, 57, 455–465. [Google Scholar] [CrossRef] [PubMed]

	



Gallet, R.; Dawkins, J.; Valle, J.; Simsolo, E.; De Couto, G.; Middleton, R.; Tseliou, E.; Luthringer, D.; Kreke, M.; Smith, R.R.; et al. Exosomes Secreted by Cardiosphere-Derived Cells Reduce Scarring, Attenuate Adverse Remodelling, and Improve Function in Acute and Chronic Porcine Myocardial Infarction. Eur. Heart J. 2017, 38, 201–211. [Google Scholar] [CrossRef] [PubMed]

	



Yang, P.; Peng, Y.; Feng, Y.; Xu, Z.; Feng, P.; Cao, J.; Chen, Y.; Chen, X.; Cao, X.; Yang, Y.; et al. Immune Cell-Derived Extracellular Vesicles—New Strategies in Cancer Immunotherapy. Front. Immunol. 2021, 12, 771551. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Chen, C.; Hu, B.; Niu, X.; Liu, X.; Zhang, G.; Zhang, C.; Li, Q.; Wang, Y. Exosomes Derived from Human Endothelial Progenitor Cells Accelerate Cutaneous Wound Healing by Promoting Angiogenesis Through Erk1/2 Signaling. Int. J. Biol. Sci. 2016, 12, 1472. [Google Scholar] [CrossRef] [PubMed]

	



Gebara, N.; Scheel, J.; Skovronova, R.; Grange, C.; Marozio, L.; Gupta, S.; Giorgione, V.; Caicci, F.; Benedetto, C.; Khalil, A.; et al. Single Extracellular Vesicle Analysis in Human Amniotic Fluid Shows Evidence of Phenotype Alterations in Preeclampsia. J. Extracell. Vesicles 2022, 11, 12217. [Google Scholar] [CrossRef]

	



Alić, V.K.; Malenica, M.; Biberić, M.; Zrna, S.; Valenčić, L.; Šuput, A.; Fabris, L.K.; Wechtersbach, K.; Kojc, N.; Kurtjak, M.; et al. Extracellular Vesicles from Human Cerebrospinal Fluid Are Effectively Separated by Sepharose CL-6B—Comparison of Four Gravity-Flow Size Exclusion Chromatography Methods. Biomedicines 2022, 10, 785. [Google Scholar] [CrossRef] [PubMed]

	



Hinzman, C.P.; Jayatilake, M.; Bansal, S.; Fish, B.L.; Li, Y.; Zhang, Y.; Bansal, S.; Girgis, M.; Iliuk, A.; Xu, X.; et al. An Optimized Method for the Isolation of Urinary Extracellular Vesicles for Molecular Phenotyping: Detection of Biomarkers for Radiation Exposure. J. Transl. Med. 2022, 20, 199. [Google Scholar] [CrossRef] [PubMed]

	



Buntsma, N.; van der Pol, E.; Nieuwland, R.; Gąsecka, A. Extracellular Vesicles in Coronary Artery Disease. Adv. Exp. Med. Biol. 2023, 1418, 81–103. [Google Scholar] [CrossRef] [PubMed]

	



Balbi, C.; Vassalli, G. Exosomes: Beyond Stem Cells for Cardiac Protection and Repair. Stem Cells 2020, 38, 1387–1399. [Google Scholar] [CrossRef]

	



Saheera, S.; Jani, V.P.; Witwer, K.W.; Kutty, S. Extracellular Vesicle Interplay in Cardiovascular Pathophysiology. Am. J. Physiol. Heart Circ. Physiol. 2021, 320, H1749–H1761. [Google Scholar] [CrossRef] [PubMed]

	



Hutcheson, J.D.; Aikawa, E. Extracellular Vesicles in Cardiovascular Homeostasis and Disease. Curr. Opin. Cardiol. 2018, 33, 290–297. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Z.; Venkat, P.; Seyfried, D.; Chopp, M.; Yan, T.; Chen, J. Brain-Heart Interaction: Cardiac Complications After Stroke. Circ. Res. 2017, 121, 451–468. [Google Scholar] [CrossRef] [PubMed]

	



Akhmerov, A.; Parimon, T. Extracellular Vesicles, Inflammation, and Cardiovascular Disease. Cells 2022, 11, 2229. [Google Scholar] [CrossRef] [PubMed]

	



Schiano, C.; Balbi, C.; de Nigris, F.; Napoli, C. Basic Pathogenic Mechanisms and Epigenetic Players Promoted by Extracellular Vesicles in Vascular Damage. Int. J. Mol. Sci. 2023, 24, 7509. [Google Scholar] [CrossRef] [PubMed]

	



Burrello, J.; Caporali, E.; Gauthier, L.G.; Pianezzi, E.; Balbi, C.; Rigamonti, E.; Bolis, S.; Lazzarini, E.; Biemmi, V.; Burrello, A.; et al. Risk Stratification of Patients with SARS-CoV-2 by Tissue Factor Expression in Circulating Extracellular Vesicles. Vasc. Pharmacol. 2022, 145, 106999. [Google Scholar] [CrossRef] [PubMed]

	



Balbi, C.; Burrello, J.; Bolis, S.; Lazzarini, E.; Biemmi, V.; Pianezzi, E.; Burrello, A.; Caporali, E.; Grazioli, L.G.; Martinetti, G.; et al. Circulating Extracellular Vesicles Are Endowed with Enhanced Procoagulant Activity in SARS-CoV-2 Infection. EBioMedicine 2021, 67, 103369. [Google Scholar] [CrossRef]

	



Castellani, C.; Burrello, J.; Fedrigo, M.; Burrello, A.; Bolis, S.; Di Silvestre, D.; Tona, F.; Bottio, T.; Biemmi, V.; Toscano, G.; et al. Circulating Extracellular Vesicles as Non-Invasive Biomarker of Rejection in Heart Transplant. J. Heart Lung Transplant. 2020, 39, 1136–1148. [Google Scholar] [CrossRef] [PubMed]

	



Burrello, J.; Burrello, A.; Vacchi, E.; Bianco, G.; Caporali, E.; Amongero, M.; Airale, L.; Bolis, S.; Vassalli, G.; Cereda, C.W.; et al. Supervised and Unsupervised Learning to Define the Cardiovascular Risk of Patients According to an Extracellular Vesicle Molecular Signature. Transl. Res. 2022, 244, 114–125. [Google Scholar] [CrossRef] [PubMed]

	



Burrello, J.; Biemmi, V.; Dei Cas, M.; Amongero, M.; Bolis, S.; Lazzarini, E.; Bollini, S.; Vassalli, G.; Paroni, R.; Barile, L. Sphingolipid Composition of Circulating Extracellular Vesicles after Myocardial Ischemia. Sci. Rep. 2020, 10, 16182. [Google Scholar] [CrossRef] [PubMed]

	



Tang, K.; Just, J.; Ankerlund, R.; Ryun, K. Extracellular Vesicles in Acute Stroke Diagnostics. Biomedicines 2020, 8, 248. [Google Scholar] [CrossRef]

	



Otero-Ortega, L.; Alonso-López, E.; Pérez-Mato, M.; Laso-García, F.; Gómez-De Frutos, M.C.; Diekhorst, L.; García-Bermejo, M.L.; Conde-Moreno, E.; Fuentes, B.; de Leciñana, M.A.; et al. Circulating Extracellular Vesicle Proteins and MicroRNA Profiles in Subcortical and Cortical-Subcortical Ischaemic Stroke. Biomedicines 2021, 9, 786. [Google Scholar] [CrossRef] [PubMed]

	



Jafarzadeh-Esfehani, R.; Soudyab, M.; Parizadeh, S.M.; Jaripoor, M.E.; Nejad, P.S.; Shariati, M.; Nabavi, A.S. Circulating Exosomes and Their Role in Stroke. Curr. Drug Targets 2020, 21, 89–95. [Google Scholar] [CrossRef] [PubMed]

	



Biemmi, V.; Milano, G.; Ciullo, A.; Cervio, E.; Burrello, J.; Cas, M.D.; Paroni, R.; Tallone, T.; Moccetti, T.; Pedrazzini, G.; et al. Inflammatory Extracellular Vesicles Prompt Heart Dysfunction via TRL4-Dependent NF-ΚB Activation. Theranostics 2020, 10, 2773–2790. [Google Scholar] [CrossRef] [PubMed]

	



Silva-Palacios, A.; Arroyo-Campuzano, M.; Flores-García, M.; Patlán, M.; Hernández-Díazcouder, A.; Alcántara, D.; Ramírez-Camacho, I.; Arana-Hidalgo, D.; Soria-Castro, E.; Sánchez, F.; et al. Citicoline Modifies the Expression of Specific MiRNAs Related to Cardioprotection in Patients with ST-Segment Elevation Myocardial Infarction Subjected to Coronary Angioplasty. Pharmaceuticals 2022, 15, 925. [Google Scholar] [CrossRef]

	



Sanz-Ros, J.; Mas-Bargues, C.; Romero-García, N.; Huete-Acevedo, J.; Dromant, M.; Borrás, C. Extracellular Vesicles as Therapeutic Resources in the Clinical Environment. Int. J. Mol. Sci. 2023, 24, 2344. [Google Scholar] [CrossRef]

	



Murphy, D.E.; de Jong, O.G.; Brouwer, M.; Wood, M.J.; Lavieu, G.; Schiffelers, R.M.; Vader, P. Extracellular Vesicle-Based Therapeutics: Natural versus Engineered Targeting and Trafficking. Exp. Mol. Med. 2019, 51, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Du, S.; Guan, Y.; Xie, A.; Yan, Z.; Gao, S.; Li, W.; Rao, L.; Chen, X.; Chen, T. Extracellular Vesicles: A Rising Star for Therapeutics and Drug Delivery. J. Nanobiotechnol. 2023, 21, 231. [Google Scholar] [CrossRef]

	



Sadeghi, S.; Tehrani, F.R.; Tahmasebi, S.; Shafiee, A.; Hashemi, S.M. Exosome Engineering in Cell Therapy and Drug Delivery. Inflammopharmacology 2023, 31, 145–169. [Google Scholar] [CrossRef]

	



Tenchov, R.; Sasso, J.M.; Wang, X.; Liaw, W.S.; Chen, C.A.; Zhou, Q.A. Exosomes—Nature’s Lipid Nanoparticles, a Rising Star in Drug Delivery and Diagnostics. ACS Nano 2022, 16, 17802–17846. [Google Scholar] [CrossRef]

	



Sluijter, J.P.G.; Davidson, S.M.; Boulanger, C.M.; Buzás, E.I.; De Kleijn, D.P.V.; Engel, F.B.; Giricz, Z.; Hausenloy, D.J.; Kishore, R.; Lecour, S.; et al. Extracellular Vesicles in Diagnostics and Therapy of the Ischaemic Heart: Position Paper from the Working Group on Cellular Biology of the Heart of the European Society of Cardiology. Cardiovasc. Res. 2018, 114, 19–34. [Google Scholar] [CrossRef] [PubMed]

	



Varderidou-Minasian, S.; Lorenowicz, M.J. Mesenchymal Stromal/Stem Cell-Derived Extracellular Vesicles in Tissue Repair: Challenges and Opportunities. Theranostics 2020, 10, 5979–5997. [Google Scholar] [CrossRef] [PubMed]

	



Nazari-Shafti, T.Z.; Neuber, S.; Garcia Duran, A.; Xu, Z.; Beltsios, E.; Seifert, M.; Falk, V.; Stamm, C. Human Mesenchymal Stromal Cells and Derived Extracellular Vesicles: Translational Strategies to Increase Their Proangiogenic Potential for the Treatment of Cardiovascular Disease. Stem Cells Transl. Med. 2020, 9, 1558–1569. [Google Scholar] [CrossRef] [PubMed]

	



Bollini, S.; Smits, A.M.; Balbi, C.; Lazzarini, E.; Ameri, P. Triggering Endogenous Cardiac Repair and Regeneration via Extracellular Vesicle-Mediated Communication. Front. Physiol. 2018, 9, 401851. [Google Scholar] [CrossRef] [PubMed]

	



Balbi, C.; Costa, A.; Barile, L.; Bollini, S. Message in a Bottle: Upgrading Cardiac Repair into Rejuvenation. Cells 2020, 9, 724. [Google Scholar] [CrossRef] [PubMed]

	



Davidson, S.M.; Andreadou, I.; Barile, L.; Birnbaum, Y.; Cabrera-Fuentes, H.A.; Cohen, M.V.; Downey, J.M.; Girao, H.; Pagliaro, P.; Penna, C.; et al. Circulating Blood Cells and Extracellular Vesicles in Acute Cardioprotection. Cardiovasc. Res. 2019, 115, 1156–1166. [Google Scholar] [CrossRef] [PubMed]

	



Firoozi, S.; Pahlavan, S.; Ghanian, M.H.; Rabbani, S.; Barekat, M.; Nazari, A.; Pakzad, M.; Shekari, F.; Hassani, S.N.; Moslem, F.; et al. Mesenchymal Stem Cell-Derived Extracellular Vesicles Alone or in Conjunction with a SDKP-Conjugated Self-Assembling Peptide Improve a Rat Model of Myocardial Infarction. Biochem. Biophys. Res. Commun. 2020, 524, 903–909. [Google Scholar] [CrossRef] [PubMed]

	



Constantin, A.; Comarița, I.K.; Alexandru, N.; Filippi, A.; Bojin, F.; Gherghiceanu, M.; Vîlcu, A.; Nemecz, M.; Niculescu, L.S.; Păunescu, V.; et al. Stem Cell-derived Extracellular Vesicles Reduce the Expression of Molecules Involved in Cardiac Hypertrophy—In a Model of Human-Induced Pluripotent Stem Cell-Derived Cardiomyocytes. Front. Pharmacol. 2022, 13, 1003684. [Google Scholar] [CrossRef] [PubMed]

	



Ren, Y.; Wu, Y.; He, W.; Tian, Y.; Zhao, X. Exosomes Secreted from Bone Marrow Mesenchymal Stem Cells Suppress Hypertrophy through Hippo-YAP Pathway in Heart. Genet. Mol. Biol. 2023, 46, e20220221. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Liu, J.; Gao, S.; Lin, W.; Gao, P.; Gao, K.; Zhang, Y.; Du, K.; Yang, X.; Wang, W.; et al. Antiapoptosis and Antifibrosis Effects of Qishen Granules on Heart Failure Rats via Hippo Pathway. Biomed. Res. Int. 2019, 2019, 1642575. [Google Scholar] [CrossRef]

	



Barile, L.; Lionetti, V.; Cervio, E.; Matteucci, M.; Gherghiceanu, M.; Popescu, L.M.; Torre, T.; Siclari, F.; Moccetti, T.; Vassalli, G. Extracellular Vesicles Fromhuman Cardiac Progenitor Cells Inhibit Cardiomyocyte Apoptosis and Improve Cardiac Function Aftermyocardial Infarction. Cardiovasc. Res. 2014, 103, 530–541. [Google Scholar] [CrossRef] [PubMed]

	



Milano, G.; Biemmi, V.; Lazzarini, E.; Balbi, C.; Ciullo, A.; Bolis, S.; Ameri, P.; Di Silvestre, D.; Mauri, P.; Barile, L.; et al. Intravenous Administration of Cardiac Progenitor Cell-Derived Exosomes Protects against Doxorubicin/Trastuzumab-Induced Cardiac Toxicity. Cardiovasc. Res. 2020, 116, 383–392. [Google Scholar] [CrossRef] [PubMed]

	



Deng, S.; Zhou, X.; Ge, Z.; Song, Y.; Wang, H.; Liu, X.; Zhang, D. Exosomes from Adipose-Derived Mesenchymal Stem Cells Ameliorate Cardiac Damage after Myocardial Infarction by Activating S1P/SK1/S1PR1 Signaling and Promoting Macrophage M2 Polarization. Int. J. Biochem. Cell Biol. 2019, 114, 105564. [Google Scholar] [CrossRef] [PubMed]

	



Yang, L.; Wang, T.; Zhang, X.; Zhang, H.; Yan, N.; Zhang, G.; Yan, R.; Li, Y.; Yu, J.; He, J.; et al. Exosomes Derived from Human Placental Mesenchymal Stem Cells Ameliorate Myocardial Infarction via Anti-Inflammation and Restoring Gut Dysbiosis. BMC Cardiovasc. Disord. 2022, 22, 61. [Google Scholar] [CrossRef] [PubMed]

	



De Couto, G.; Gallet, R.; Cambier, L.; Jaghatspanyan, E.; Makkar, N.; Dawkins, J.F.; Berman, B.P.; Marbán, E. Exosomal MicroRNA Transfer Into Macrophages Mediates Cellular Postconditioning. Circulation 2017, 136, 200–214. [Google Scholar] [CrossRef] [PubMed]

	



Lima Correa, B.; El Harane, N.; Gomez, I.; Hocine, R.; Vilar, J.; Desgres, M.; Bellamy, V.; Keirththana, K.; Guillas, C.; Perotto, M. Extracellular Vesicles from Human Cardiovascular Progenitors Trigger a Reparative Immune Response in Infarcted Hearts. Cardiovasc. Res. 2021, 117, 292–307. [Google Scholar] [CrossRef] [PubMed]

	



Bian, S.; Zhang, L.; Duan, L.; Wang, X.; Min, Y.; Yu, H. Extracellular Vesicles Derived from Human Bone Marrow Mesenchymal Stem Cells Promote Angiogenesis in a Rat Myocardial Infarction Model. J. Mol. Med. 2014, 92, 387–397. [Google Scholar] [CrossRef] [PubMed]

	



Balbi, C.; Lodder, K.; Costa, A.; Moimas, S.; Moccia, F.; van Herwaarden, T.; Rosti, V.; Campagnoli, F.; Palmeri, A.; De Biasio, P.; et al. Reactivating Endogenous Mechanisms of Cardiac Regeneration via Paracrine Boosting Using the Human Amniotic Fluid Stem Cell Secretome. Int. J. Cardiol. 2019, 287, 87–95. [Google Scholar] [CrossRef] [PubMed]

	



Costa, A.; Balbi, C.; Garbati, P.; Palamà, M.E.F.; Reverberi, D.; De Palma, A.; Rossi, R.; Paladini, D.; Coviello, D.; De Biasio, P.; et al. Investigating the Paracrine Role of Perinatal Derivatives: Human Amniotic Fluid Stem Cell-Extracellular Vesicles Show Promising Transient Potential for Cardiomyocyte Renewal. Front. Bioeng. Biotechnol. 2022, 10, 902038. [Google Scholar] [CrossRef] [PubMed]

	



Del Campo, C.V.; Liaw, N.Y.; Gunadasa-Rohling, M.; Matthaei, M.; Braga, L.; Kennedy, T.; Salinas, G.; Voigt, N.; Giacca, M.; Zimmermann, W.H.; et al. Regenerative Potential of Epicardium-Derived Extracellular Vesicles Mediated by Conserved MiRNA Transfer. Cardiovasc. Res. 2022, 118, 597–611. [Google Scholar] [CrossRef] [PubMed]

	



Wang, L.; Zhang, J.J.; Wang, S.S.; Li, L. Mechanism of Adipose-Derived Mesenchymal Stem Cell Exosomes in the Treatment of Heart Failure. World J. Stem Cells 2023, 15, 897–907. [Google Scholar] [CrossRef] [PubMed]

	



Takov, K.; He, Z.; Johnston, H.E.; Timms, J.F.; Guillot, P.V.; Yellon, D.M.; Davidson, S.M. Small Extracellular Vesicles Secreted from Human Amniotic Fluid Mesenchymal Stromal Cells Possess Cardioprotective and Promigratory Potential. Basic. Res. Cardiol. 2020, 115, 26. [Google Scholar] [CrossRef] [PubMed]

	



Hu, J.; Chen, X.; Li, P.; Lu, X.; Yan, J.; Tan, H.; Zhang, C. Exosomes Derived from Human Amniotic Fluid Mesenchymal Stem Cells Alleviate Cardiac Fibrosis via Enhancing Angiogenesis in Vivo and in Vitro. Cardiovasc. Diagn. Ther. 2021, 11, 348–361. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, Y.; Sun, X.; Cao, W.; Ma, J.; Sun, L.; Qian, H.; Zhu, W.; Xu, W. Exosomes Derived from Human Umbilical Cord Mesenchymal Stem Cells Relieve Acute Myocardial Ischemic Injury. Stem Cells Int. 2015, 2015, 761643. [Google Scholar] [CrossRef] [PubMed]

	



Streef, T.J.; Smits, A.M. Epicardial Contribution to the Developing and Injured Heart: Exploring the Cellular Composition of the Epicardium. Front. Cardiovasc. Med. 2021, 8, 750243. [Google Scholar] [CrossRef] [PubMed]

	



Anto Michel, N.; Ljubojevic-Holzer, S.; Bugger, H.; Zirlik, A. Cellular Heterogeneity of the Heart. Front. Cardiovasc. Med. 2022, 9, 868466. [Google Scholar] [CrossRef] [PubMed]

	



Litviňuková, M.; Talavera-López, C.; Maatz, H.; Reichart, D.; Worth, C.L.; Lindberg, E.L.; Kanda, M.; Polanski, K.; Heinig, M.; Lee, M.; et al. Cells of the Adult Human Heart. Nature 2020, 588, 466–472. [Google Scholar] [CrossRef] [PubMed]

	



Amini, H.; Rezaie, J.; Vosoughi, A.; Rahbarghazi, R.; Nouri, M. Cardiac Progenitor Cells Application in Cardiovascular Disease. J. Cardiovasc. Thorac. Res. 2017, 9, 127. [Google Scholar] [CrossRef] [PubMed]

	



Shouman, S.; Zaher, A.; Abdelhameed, A.; Elshaboury, S.; Sakr, S.; Fouda, B.E.; Mohamed, H.; El-Badri, N. Cardiac Progenitor Cells. Adv. Exp. Med. Biol. 2021, 1312, 51–73. [Google Scholar] [CrossRef] [PubMed]

	



Emmert, M.Y.; Burrello, J.; Wolint, P.; Hilbe, M.; Andriolo, G.; Balbi, C.; Provasi, E.; Turchetto, L.; Radrizzani, M.; Nazari-Shafti, T.Z.; et al. Intracoronary Delivery of Extracellular Vesicles from Human Cardiac Progenitor Cells Reduces Infarct Size in Porcine Acute Myocardial Infarction. Eur. Heart J. 2024, 45, 728–732. [Google Scholar] [CrossRef] [PubMed]

	



Barile, L.; Marbán, E. Injury Minimization after Myocardial Infarction: Focus on Extracellular Vesicles. Eur. Heart J. 2024, 45, 1602–1609. [Google Scholar] [CrossRef] [PubMed]

	



Ibrahim, A.G.E.; Cheng, K.; Marbán, E. Exosomes as Critical Agents of Cardiac Regeneration Triggered by Cell Therapy. Stem Cell Rep. 2014, 2, 606–619. [Google Scholar] [CrossRef] [PubMed]

	



Desgres, M.; Lima Correa, B.; Petrusca, L.; Autret, G.; Pezzana, C.; Marigny, C.; Guillas, C.; Bellamy, V.; Vilar, J.; Perier, M.C.; et al. Therapeutic Potential of Extracellular Vesicles Derived from Cardiac Progenitor Cells in Rodent Models of Chemotherapy-Induced Cardiomyopathy. Front. Cardiovasc. Med. 2023, 10, 1206279. [Google Scholar] [CrossRef] [PubMed]

	



Kervadec, A.; Bellamy, V.; El Harane, N.; Arakélian, L.; Vanneaux, V.; Cacciapuoti, I.; Nemetalla, H.; Périer, M.C.; Toeg, H.D.; Richart, A.; et al. Cardiovascular Progenitor-Derived Extracellular Vesicles Recapitulate the Beneficial Effects of Their Parent Cells in the Treatment of Chronic Heart Failure. J. Heart Lung Transplant. 2016, 35, 795–807. [Google Scholar] [CrossRef] [PubMed]

	



Adamiak, M.; Cheng, G.; Bobis-Wozowicz, S.; Zhao, L.; Kedracka-Krok, S.; Samanta, A.; Karnas, E.; Xuan, Y.T.; Skupien-Rabian, B.; Chen, X.; et al. Induced Pluripotent Stem Cell (IPSC)-Derived Extracellular Vesicles Are Safer and More Effective for Cardiac Repair Than IPSCs. Circ. Res. 2018, 122, 296–309. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, R.; Mesquita, T.; Cho, J.H.; Li, C.; Sanchez, L.; Holm, K.; Akhmerov, A.; Liu, W.; Li, Y.; Ibrahim, A.G.; et al. Systemic Delivery of Extracellular Vesicles Attenuates Atrial Fibrillation in Heart Failure With Preserved Ejection Fraction. JACC Clin. Electrophysiol. 2023, 9, 147–158. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Wang, H.; Ma, X.; Adila, A.; Wang, B.; Liu, F.; Chen, B.; Wang, C.; Ma, Y. Preservation of the Cardiac Function in Infarcted Rat Hearts by the Transplantation of Adipose-Derived Stem Cells with Injectable Fibrin Scaffolds. Exp. Biol. Med. 2010, 235, 1505–1515. [Google Scholar] [CrossRef] [PubMed]

	



Riaud, M.; Martinez, M.C.; Montero-Menei, C.N. Scaffolds and Extracellular Vesicles as a Promising Approach for Cardiac Regeneration after Myocardial Infarction. Pharmaceutics 2020, 12, 1195. [Google Scholar] [CrossRef] [PubMed]

	



Gao, H.; Liu, S.; Qin, S.; Yang, J.; Yue, T.; Ye, B.; Tang, Y.; Feng, J.; Hou, J.; Danzeng, D. Injectable Hydrogel-Based Combination Therapy for Myocardial Infarction: A Systematic Review and Meta-Analysis of Preclinical Trials. BMC Cardiovasc. Disord. 2024, 24, 119. [Google Scholar] [CrossRef] [PubMed]

	



Lv, K.; Li, Q.; Zhang, L.; Wang, Y.; Zhong, Z.; Zhao, J.; Lin, X.; Wang, J.; Zhu, K.; Xiao, C.; et al. Incorporation of Small Extracellular Vesicles in Sodium Alginate Hydrogel as a Novel Therapeutic Strategy for Myocardial Infarction. Theranostics 2019, 9, 7403–7416. [Google Scholar] [CrossRef] [PubMed]

	



Pezzana, C.; Cras, A.; Simelière, F.; Guesdon, R.; Desgres, M.; Correa, B.L.; Peuffier, A.; Bellamy, V.; Gouarderes, S.; Alberdi, A.; et al. Biomaterial-Embedded Extracellular Vesicles Improve Recovery of the Dysfunctional Myocardium. Biomaterials 2022, 291, 121877. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, D.; Li, Z.; Huang, K.; Caranasos, T.G.; Rossi, J.S.; Cheng, K. Minimally Invasive Delivery of Therapeutic Agents by Hydrogel Injection into the Pericardial Cavity for Cardiac Repair. Nat. Commun. 2021, 12, 1412. [Google Scholar] [CrossRef] [PubMed]

	



Monguió-Tortajada, M.; Prat-Vidal, C.; Moron-Font, M.; Clos-Sansalvador, M.; Calle, A.; Gastelurrutia, P.; Cserkoova, A.; Morancho, A.; Ramírez, M.Á.; Rosell, A.; et al. Local Administration of Porcine Immunomodulatory, Chemotactic and Angiogenic Extracellular Vesicles Using Engineered Cardiac Scaffolds for Myocardial Infarction. Bioact. Mater. 2021, 6, 3314–3327. [Google Scholar] [CrossRef] [PubMed]

	



Monguió-Tortajada, M.; Prat-Vidal, C.; Martínez-Falguera, D.; Teis, A.; Soler-Botija, C.; Courageux, Y.; Munizaga-Larroudé, M.; Moron-Font, M.; Bayes-Genis, A.; Borràs, F.E.; et al. Acellular Cardiac Scaffolds Enriched with MSC-Derived Extracellular Vesicles Limit Ventricular Remodelling and Exert Local and Systemic Immunomodulation in a Myocardial Infarction Porcine Model. Theranostics 2022, 12, 4656–4670. [Google Scholar] [CrossRef] [PubMed]

	



Tang, J.; Cui, X.; Zhang, Z.; Xu, Y.; Guo, J.; Soliman, B.G.; Lu, Y.; Qin, Z.; Wang, Q.; Zhang, H.; et al. Injection-Free Delivery of MSC-Derived Extracellular Vesicles for Myocardial Infarction Therapeutics. Adv. Healthc. Mater. 2022, 11, 2100312. [Google Scholar] [CrossRef] [PubMed]

	



De Abreu, R.C.; Fernandes, H.; da Costa Martins, P.A.; Sahoo, S.; Emanueli, C.; Ferreira, L. Native and Bioengineered Extracellular Vesicles for Cardiovascular Therapeutics. Nat. Rev. Cardiol. 2020, 17, 685–697. [Google Scholar] [CrossRef]

	



Kanki, S.; Jaalouk, D.E.; Lee, S.; Yu, A.Y.C.; Gannon, J.; Lee, R.T. Identification of Targeting Peptides for Ischemic Myocardium by in Vivo Phage Display. J. Mol. Cell Cardiol. 2011, 50, 841–848. [Google Scholar] [CrossRef] [PubMed]

	



Zahid, M.; Phillips, B.E.; Albers, S.M.; Giannoukakis, N.; Watkins, S.C.; Robbins, P.D. Identification of a Cardiac Specific Protein Transduction Domain by in Vivo Biopanning Using a M13 Phage Peptide Display Library in Mice. PLoS ONE 2010, 5, e12252. [Google Scholar] [CrossRef] [PubMed]

	



McGuire, M.J.; Samli, K.N.; Johnston, S.A.; Brown, K.C. In Vitro Selection of a Peptide with High Selectivity for Cardiomyocytes in Vivo. J. Mol. Biol. 2004, 342, 171–182. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Chen, Y.; Zhao, Z.; Meng, Q.; Yu, Y.; Sun, J.; Yang, Z.; Chen, Y.; Li, J.; Ma, T.; et al. Engineered Exosomes With Ischemic Myocardium-Targeting Peptide for Targeted Therapy in Myocardial Infarction. J. Am. Heart Assoc. 2018, 7, e008737. [Google Scholar] [CrossRef] [PubMed]

	



Mentkowski, K.I.; Lang, J.K. Exosomes Engineered to Express a Cardiomyocyte Binding Peptide Demonstrate Improved Cardiac Retention in Vivo. Sci. Rep. 2019, 9, 10041. [Google Scholar] [CrossRef] [PubMed]

	



Kim, H.; Yun, N.; Mun, D.; Kang, J.Y.; Lee, S.H.; Park, H.; Park, H.; Joung, B. Cardiac-Specific Delivery by Cardiac Tissue-Targeting Peptide-Expressing Exosomes. Biochem. Biophys. Res. Commun. 2018, 499, 803–808. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Ding, N.; Guan, G.; Liu, G.; Huo, D.; Li, Y.; Wei, K.; Yang, J.; Cheng, P.; Zhu, C. Rapid Delivery of Hsa-MiR-590-3p Using Targeted Exosomes to Treat Acute Myocardial Infarction Through Regulation of the Cell Cycle. J. Biomed. Nanotechnol. 2018, 14, 968–977. [Google Scholar] [CrossRef] [PubMed]

	



Antes, T.J.; Middleton, R.C.; Luther, K.M.; Ijichi, T.; Peck, K.A.; Liu, W.J.; Valle, J.; Echavez, A.K.; Marbán, E. Targeting extracellular vesicles to injured tissue using membrane cloaking and surface display. J. Nanobiotechnol. 2018, 16, 61. [Google Scholar] [CrossRef] [PubMed]

	



Taiariol, L.; Chaix, C.; Farre, C.; Moreau, E. Click and Bioorthogonal Chemistry: The Future of Active Targeting of Nanoparticles for Nanomedicines? Chem. Rev. 2022, 122, 340–384. [Google Scholar] [CrossRef] [PubMed]

	



Takayama, Y.; Kusamori, K.; Nishikawa, M. Click Chemistry as a Tool for Cell Engineering and Drug Delivery. Molecules 2019, 24, 172. [Google Scholar] [CrossRef]

	



Zhu, L.P.; Tian, T.; Wang, J.Y.; He, J.N.; Chen, T.; Pan, M.; Xu, L.; Zhang, H.X.; Qiu, X.T.; Li, C.C.; et al. Hypoxia-Elicited Mesenchymal Stem Cell-Derived Exosomes Facilitates Cardiac Repair through MiR-125b-Mediated Prevention of Cell Death in Myocardial Infarction. Theranostics 2018, 8, 6163–6177. [Google Scholar] [CrossRef] [PubMed]

	



Kang, J.Y.; Mun, D.; Chun, Y.; Park, D.S.; Kim, H.; Yun, N.; Joung, B. Engineered Small Extracellular Vesicle-Mediated NOX4 SiRNA Delivery for Targeted Therapy of Cardiac Hypertrophy. J. Extracell. Vesicles 2023, 12, 12371. [Google Scholar] [CrossRef] [PubMed]

	



Vandergriff, A.; Huang, K.; Shen, D.; Hu, S.; Hensley, M.T.; Caranasos, T.G.; Qian, L.; Cheng, K. Targeting Regenerative Exosomes to Myocardial Infarction Using Cardiac Homing Peptide. Theranostics 2018, 8, 1869–1878. [Google Scholar] [CrossRef] [PubMed]

	



Chen, P.; Pan, Y.; Ning, X.; Shi, X.; Zhong, J.; Fan, X.; Li, W.; Teng, Y.; Liu, X.; Yu, B.; et al. Targeted Heart Repair by Tβ4-Loaded Cardiac-Resident Macrophage-Derived Extracellular Vesicles Modified with Monocyte Membranes. Acta Biomater. 2023, 169, 372–386. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, N.; Song, Y.; Huang, Z.; Chen, J.; Tan, H.; Yang, H.; Fan, M.; Li, Q.; Wang, Q.; Gao, J.; et al. Monocyte Mimics Improve Mesenchymal Stem Cell-Derived Extracellular Vesicle Homing in a Mouse MI/RI Model. Biomaterials 2020, 255, 120168. [Google Scholar] [CrossRef] [PubMed]

	



Su, T.; Huang, K.; Ma, H.; Liang, H.; Dinh, P.U.; Chen, J.; Shen, D.; Allen, T.A.; Qiao, L.; Li, Z.; et al. Platelet-Inspired Nanocells for Targeted Heart Repair After Ischemia/Reperfusion Injury. Adv. Funct. Mater. 2019, 29, 1803567. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, J.; Ni, L.; Zhang, X.; Wang, H.; Liu, L.; Wei, M.; Li, G.; Bei, Y. Platelet Membrane-Fused Circulating Extracellular Vesicles Protect the Heart from Ischemia/Reperfusion Injury. Adv. Healthc. Mater. 2023, 12, 2300052. [Google Scholar] [CrossRef] [PubMed]

	



Li, Q.; Song, Y.; Wang, Q.; Chen, J.; Gao, J.; Tan, H.; Li, S.; Wu, Y.; Yang, H.; Huang, H.; et al. Engineering Extracellular Vesicles with Platelet Membranes Fusion Enhanced Targeted Therapeutic Angiogenesis in a Mouse Model of Myocardial Ischemia Reperfusion. Theranostics 2021, 11, 3916–3931. [Google Scholar] [CrossRef] [PubMed]

	



Ciullo, A.; Biemmi, V.; Milano, G.; Bolis, S.; Cervio, E.; Fertig, E.T.; Gherghiceanu, M.; Moccetti, T.; Camici, G.G.; Vassalli, G.; et al. Exosomal Expression of CXCR4 Targets Cardioprotective Vesicles to Myocardial Infarction and Improves Outcome after Systemic Administration. Int. J. Mol. Sci. 2019, 20, 468. [Google Scholar] [CrossRef] [PubMed]

	



Costa, A.; Quarto, R.; Bollini, S. Small Extracellular Vesicles from Human Amniotic Fluid Samples as Promising Theranostics. Int. J. Mol. Sci. 2022, 23, 590. [Google Scholar] [CrossRef] [PubMed]

	



Akbar, A.; Malekian, F.; Baghban, N.; Kodam, S.P.; Ullah, M. Methodologies to Isolate and Purify Clinical Grade Extracellular Vesicles for Medical Applications. Cells 2022, 11, 186. [Google Scholar] [CrossRef] [PubMed]

	



Brennan, K.; Martin, K.; FitzGerald, S.P.; O’Sullivan, J.; Wu, Y.; Blanco, A.; Richardson, C.; Mc Gee, M.M. A Comparison of Methods for the Isolation and Separation of Extracellular Vesicles from Protein and Lipid Particles in Human Serum. Sci. Rep. 2020, 10, 1039. [Google Scholar] [CrossRef] [PubMed]

	



Li, K.; Wong, D.K.; Hong, K.Y.; Raffai, R.L. Cushioned–Density Gradient Ultracentrifugation (C–DGUC): A Refined and High Performance Method for the Isolation, Characterization & Use of Exosomes. Methods Mol. Biol. 2018, 1740, 69. [Google Scholar] [CrossRef] [PubMed]

	



Vanderboom, P.M.; Dasari, S.; Ruegsegger, G.N.; Pataky, M.W.; Lucien, F.; Heppelmann, C.J.; Lanza, I.R.; Nair, K.S. A Size-Exclusion-Based Approach for Purifying Extracellular Vesicles from Human Plasma. Cell Rep. Methods 2021, 1, 100055. [Google Scholar] [CrossRef] [PubMed]

	



Gámez-Valero, A.; Monguió-Tortajada, M.; Carreras-Planella, L.; Franquesa, M.; Beyer, K.; Borràs, F.E. Size-Exclusion Chromatography-Based Isolation Minimally Alters Extracellular Vesicles’ Characteristics Compared to Precipitating Agents. Sci. Rep. 2016, 6, 33641. [Google Scholar] [CrossRef] [PubMed]

	



Contreras, H.; Alarcón-Zapata, P.; Nova-Lamperti, E.; Ormazabal, V.; Varas-Godoy, M.; Salomon, C.; Zuniga, F.A. Comparative Study of Size Exclusion Chromatography for Isolation of Small Extracellular Vesicle from Cell-Conditioned Media, Plasma, Urine, and Saliva. Front. Nanotechnol. 2023, 5, 1146772. [Google Scholar] [CrossRef]

	



Chen, J.; Li, P.; Zhang, T.; Xu, Z.; Huang, X.; Wang, R.; Du, L. Review on Strategies and Technologies for Exosome Isolation and Purification. Front. Bioeng. Biotechnol. 2022, 9, 811971. [Google Scholar] [CrossRef] [PubMed]

	



Haraszti, R.A.; Miller, R.; Stoppato, M.; Sere, Y.Y.; Coles, A.; Didiot, M.C.; Wollacott, R.; Sapp, E.; Dubuke, M.L.; Li, X.; et al. Exosomes Produced from 3D Cultures of MSCs by Tangential Flow Filtration Show Higher Yield and Improved Activity. Mol. Ther. 2018, 26, 2838. [Google Scholar] [CrossRef] [PubMed]

	



Busatto, S.; Vilanilam, G.; Ticer, T.; Lin, W.L.; Dickson, D.W.; Shapiro, S.; Bergese, P.; Wolfram, J. Tangential Flow Filtration for Highly Efficient Concentration of Extracellular Vesicles from Large Volumes of Fluid. Cells 2018, 7, 273. [Google Scholar] [CrossRef]

	



Franco, C.; Ghirardello, A.; Bertazza, L.; Gasparotto, M.; Zanatta, E.; Iaccarino, L.; Valadi, H.; Doria, A.; Gatto, M. Size-Exclusion Chromatography Combined with Ultrafiltration Efficiently Isolates Extracellular Vesicles from Human Blood Samples in Health and Disease. Int. J. Mol. Sci. 2023, 24, 3663. [Google Scholar] [CrossRef] [PubMed]

	



Nordin, J.Z.; Lee, Y.; Vader, P.; Mäger, I.; Johansson, H.J.; Heusermann, W.; Wiklander, O.P.B.; Hällbrink, M.; Seow, Y.; Bultema, J.J.; et al. Ultrafiltration with Size-Exclusion Liquid Chromatography for High Yield Isolation of Extracellular Vesicles Preserving Intact Biophysical and Functional Properties. Nanomedicine 2015, 11, 879–883. [Google Scholar] [CrossRef] [PubMed]

	



Ko, M.; Kim, H.J.; Park, J.; Lee, H.; Lee, K.N.; Kim, K.; Lee, J.; Yoon, S.J.; Kim, T.; Jeong, S.; et al. Isolation of Bovine Milk Exosome Using Electrophoretic Oscillation Assisted Tangential Flow Filtration with Antifouling of Micro-Ultrafiltration Membrane Filters. ACS Appl. Mater. Interfaces 2023, 15, 26069–26080. [Google Scholar] [CrossRef] [PubMed]

	



Kim, Y.B.; Lee, G.B.; Moon, M.H. Size Separation of Exosomes and Microvesicles Using Flow Field-Flow Fractionation/Multiangle Light Scattering and Lipidomic Comparison. Anal. Chem. 2022, 94, 8958–8965. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, H.; Lyden, D. Asymmetric-Flow Field-Flow Fractionation Technology for Exomere and Small Extracellular Vesicle Separation and Characterization. Nat. Protoc. 2019, 14, 1027–1053. [Google Scholar] [CrossRef] [PubMed]

	



Casajuana Ester, M.; Day, R.M. Production and Utility of Extracellular Vesicles with 3D Culture Methods. Pharmaceutics 2023, 15, 663. [Google Scholar] [CrossRef] [PubMed]

	



Gallo, A.; Cuscino, N.; Contino, F.; Bulati, M.; Pampalone, M.; Amico, G.; Zito, G.; Carcione, C.; Centi, C.; Bertani, A.; et al. Changes in the Transcriptome Profiles of Human Amnion-Derived Mesenchymal Stromal/Stem Cells Induced by Three-Dimensional Culture: A Potential Priming Strategy to Improve Their Properties. Int. J. Mol. Sci. 2022, 23, 863. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 25 06187 g001] 





Figure 1. Schematic of EV population classification and biogenesis; nm: nanometers. Images have been produced using BioRender (www.biorender.com). 






Figure 1. Schematic of EV population classification and biogenesis; nm: nanometers. Images have been produced using BioRender (www.biorender.com).



[image: Ijms 25 06187 g001]







[image: Ijms 25 06187 g002] 





Figure 2. Schematic of progenitor cell EV paracrine effects and their putative molecular mechanisms of action against cardiac ischemic injury, cardiomyopathy, and cardiotoxicity, overall resulting in improved cardiac function. EV cardioactive paracrine potential includes the following: anti-apoptotic effects [71,72,73,74,75,76]; anti-inflammatory effects [72,73,74,76,77,78,79,80]; pro-angiogenic effects [75,81]; and stimulation of cardiomyocyte and cardiac stromal cell cell-cycle re-entry [82,83,84]. miR: microRNA; LVEF: Left Ventricle Ejection Fraction; LVFS: Left Ventricle Fractional Shortening; ROS: Reactive Oxygen Species; LDH: Lactate dehydrogenase; Myh: Myosin Heavy Chain; aSMA: alpha-Smooth Muscle Actin. Images have been produced using BioRender (www.biorender.com). 
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Figure 3. Schematic of the implementation of macro- and nano-application strategies to enhance long-term retention and controlled release of EVs (Hydrogel Embedding EVs), and to optimize specific delivery to the heart and cardiac targeting of therapeutic EVs (Parental Cell Engineering; EV Surface Functionalization; EV Camouflaging). MPS: Mononuclear Phagocyte System. Figures have been produced using BioRender (www.biorender.com). 
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Table 1. EV paracrine effects in preclinical models of cardiovascular disease.
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Cell Source

	
EVs

	
In Vitro Outcome

	
In Vivo Outcome






	
Adult

MSCs

	
hBM-MSC-EVs

	
Pro-angiogenic effect on HUVEC [81]

Model of myocardial oxidative stress:

⬇ mNVCM Apoptosis [71]

	
Rat model of AMI:

⬇ Infarct Size

Neovascularization

⬆ Cardiac Function [81]




	
Rat

BM-MSC-EVs

	
Model of cardiac hypertrophy on H9c2 cells:

⬇ Bax, Caspase-3

⬆ Bcl-2

⬇ BNP, TNF-α

⬇ IL-1β, IL-4, IL-6 [73,74]

	




	
Human

AD-MSC-EVs

	
Model of cardiac hypertrophy with iPSC-CM:

⬇ ANF, COL1A1, IL-6 [77]

	




	
Murine

AD-MSC-EVs

	

	
Rat model of Doxorubicin-induced HF:

⬆ ATP content, EF, FS

⬇ ANP, Bax, Caspase-3, p53 [85]




	
Rat

AD-MSC-EVs

	

	
Rat model of AMI:

⬆ Cardiac function

M2 macrophage transition

⬇ IL-6, IL-1β, IFN-γ, TNF-α [77]




	
Fetal/

Perinatal MSCs

	
Human

AFSC-EVs

	

	
Rat model of AMI:

⬆ Cardiac function

Cell-cycle re-entry

Endogenous regenerative processes [73]

Rat model of ischemia/reperfusion:

⬇ Infarct size [86]

Rat model of ISO-induced fibrosis:

⬇ Collagen1, α-SMA

⬆ Angiogenesis [87]

Mouse model of AMI:

⬆ Cell-cycle progression [83]




	
Human

UC-MSC-EVs

	

	
Rat model of AMI:

⬇ Cardiac fibrosis

⬆ Cardiac function [88]




	
Human

PMSC-EVs

	

	
Mouse model of AMI:

⬇ AST, BNP

⬇ IL-1β, IL-6 and TNF-α [78]




	
Cardiac

stromal cells

	
Murine

EPDCs-EVs

	
⬆ mNVCM proliferation

EHM cryoinjury model

⬇ Contractile function [84]

	
Mouse model of AMI:

Cell-cycle re-entry [84]




	
Human

CPC-EVs

	
HL-1 serum deprivation:

⬇ Cell death

HUVEC tube formation [75]

	
Rat and porcine model of AMI:

⬇ Cell apoptosis

⬆ Angiogenesis [75,94,95]

Murine model of

doxorubicin/trastuzumab-induced

cardiotoxicity:

⬇ ROS levels

⬇ Collagen1 deposition

⬇ Inflammation, reducing CD68+ macrophages [76]




	
iPSCs

	
Murine iPS-EVs

	

	
Mouse model of AMI:

⬆ Cardiac Function [99]




	
Human

iPSC-Pg-EVs

	

	
Mouse model of chronic HF:

preserved LV function [100]

Mouse model of AMI:

⬇ M1 macrophage

⬆ M2 macrophage

⬇ IL-1α, IL-2, IL-6

⬆ IL-10 [80]

Rodent model of chemotherapy-induced cardiomyopathy:

⬇ Maladaptive remodeling

⬇ Myh6/Myh7 [97]
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