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Abstract

Recent literature suggests that extracellular vesicles (EV), secreted from most cells and containing 

cell specific cargo of proteins, lipids and nucleic acids are major driver of intracellular 

communication in normal physiology and pathological conditions. The recent evidence on stem/

progenitor cell EVs as potential therapeutic modality mimicking their parental cell function is 

exciting since EVs could possibly be used as a surrogate for the stem cell based therapy and this 

regimen may overcome certain roadblocks identified with the use of stem/progenitor cell 

themselves. This review provides a comprehensive update on our understanding on the role of EVs 

in cardiac repair and emphasizes the applications of stem/progenitor cell derived EVs as 

therapeutics and discusses the current challenges associated with the EV therapy.
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Introduction

Cardiovascular disease (CVD) remains one of the major health issues in the US, with greater 

than 1 in 3 American adults suffering from at least one form of CVD1. Current therapies for 

CVD do prolong patient’s life, however they do not actually regenerate the damaged cardiac 

muscle tissue. From this perspective, stem/progenitor cells have shown great promise in 

cardiac repair and regeneration. In recent times, a consensus has emerged that adult stem/
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progenitor cells largely exert their therapeutic benefits via paracrine factors. Several stem/

progenitor cell derived paracrine factors have been studied as a therapeutic module for 

cardiac repair including conditioned medium, cytokines, growth factors, extracellular 

vesicles including exosomes and micro vesicles2–7. Of note, the current paradigm in cardiac 

regenerative medicine is to understand potential stem cell derived factors that might enhance 

cardiac repair process and is of immense biological and therapeutic importance. This review 

provides a comprehensive update on our understanding on the role of EVs in cardiac repair 

and emphasizes the applications of stem/progenitor cell derived EVs as therapeutics and also 

discusses different cardiac cell derived exosomes as potential biomarkers for cardiovascular 

disease and the current challenges associated with the EV therapy. EV targeting and uptake 

by specific recipient cells as well as the importance of systems biology and computational 

modeling tools in EV therapy is also discussed in this review.

EV nomenclature, biogenesis and isolation

EVs can be isolated from wide range of sample sources such as blood, plasma, pericardial 

fluid, cell culture conditioned media, etc.; however, the cell type specific isolation of EVs in 

vivo is still technically challenging. So far there is a lack of consensus on the EVs 

nomenclature. Typically, the current classification has divided EVs into multiple subtypes: I) 

EVs with diameters ranging 30–120 nm are the smallest vesicles that are formed by 

exocytosis of multi-vesicular bodies (MVBs) and are defined as exosomes. Inward budding 

of membrane forms early endosome which further results in the accumulation of 

intraluminal vesicles (ILVs). ILVs are formed by endosomal sorting complex required for 

transport (ESCRT, four protein complexes that guide intracellular cargo) or non-ESCRT 

mechanisms including lipid rafts and tetraspanins8–10. ILVs consisting of cytoplasmic 

molecules such as proteins, lipids and nucleic acids within large multi vesicular bodies 

(MVB). These formed MVBs can be directed towards lysosomes for degradation or directed 

towards plasma membrane, where MVBs fuse with the plasma membrane to release the 

exosomes into the extra cellular space (depicted in Fig-1). This process of exosomes release 

has a set of mechanisms proposed, including Rab GTPases (Rab11/35/27)11, 12, SNARE 

(soluble N-ethylmaleimide-sensitive attachment protein receptor)13 complex and 

aforementioned tetraspanins10. Also, genotoxic stress has been reported to augment 

exosome secretion in tumor cells via p53 activation14. Based on the physiological/

pathological state of a given source, the number and content of exosomes can change 

impacting the cellular functions of the recipient cells15. II) Microvesicles, also called micro 

particles, are intermediate size of EVs with their diameters ranging 0.1–1μm. These vesicles 

which bud directly from the plasma membrane of various cell types (including 

cardiomyocytes), carry cell surface markers and cytosolic contents similar to their cell of 

origin. These MVs are formed by increased cytosolic calcium leading to the activation of a 

calcium sensitive protease called calpain, which cleaves cytoskeletal proteins and remodels 

cytoskeleton facilitating the blebbing to occur16, 17 III) Apoptotic bodies which are the 

largest vesicles include particles >1μm formed by blebbing of apoptotic cells. These vesicles 

are formed during the last steps of apoptosis, typically by caspase dependent cleavage 

mediated activation of Rho-associated kinase-15, 18, carry cellular organelles and other 

cytosolic contents including degrading proteins, RNAs, and DNA. Another type of MVs 
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include argosomes, which are released from the basolateral membrane of morphogen 

synthesizing cells ofthe fly (Drosophila melanogaster). Argosomes carry morphogens, which 

governs tissue patterning during development in multicellular organisms19. Examples of the 

characteristics of exosomes, microvesicles and apoptotic bodies are shown in Table-1.

Different biochemical and biophysical methods are used for the isolation of EVs. These 

methods isolate EVs mainly based on their size, shape, charge and surface markers. Here, 

we explain some of the most applied EV isolation methods and cover their pros and cons: 

Differential centrifugation (DC) is an easy yet time-consuming method for EV isolation 

which mainly isolates exosomes and microvesicle particles20, 21. Given the complexity 

associated with different subtypes of EVs, Thery et al demonstrated sedimentation of EVs 

based on the ultra-centrifugation speed22, 23 and suggested particles sediment at 100,000g 

are small EVs (including exosomes), the ones sediment at 20,000g are intermediate EVs 

(including microvesicles), and particles that sediment at 2000g are large EVs (includes 

apoptotic vesicles)22, 24, 25. Therefore, in broader terms, different types of experimentally 

isolated vesicles have been recommended to be collectively called as “extracellular 

vesicles”. The presence of lipoprotein and ribonucleoprotein contaminations such as AGO2 

has been reported to be co-precipitated with EVs upon ultracentrifugation. Overall, the 

isolation of same-sized particles (like virus contamination) and the formation of EV 

aggregates are the pitfalls of DC method20. To overcome this issue, recent reports 

recommend to perform a density gradient centrifugation (DGC) (sucrose or preferably 

iodixanol)22. Similar to differential centrifugation, DGC is also an easy but time-consuming 

isolation method. DGC is widely used for the isolation of exosomes. Lipoproteins such as 

HDL and LDL molecules have been reported to be co-isolated along with EVs20, 26, 27. 

Other concerns also include damage of EVs upon ultracentrifugation and aggregation of 

exosomes. Aggregation of exosomes pose a new layer of complexity, which might give false 

positive results of increased EV size. Size exclusion chromatography (SEC) is another 

method that separates EVs based on their size on a single chromatography column and has 

recently gained interest for EV isolation. This exciting option can be utilized to separate EVs 

from bulk and soluble proteins27. However, since EVs are separated based solely on the size 

of the particles, the contamination with the same size particles is still a concern and the 

chances of co-isolating LDL or HDL molecules along with EVs is high28, 29. Overall, SEC 

is a fast technique with relatively a high recovery rate. Using this technique, most of the 

isolated EVs are biophysically intact20. Alternatively, ultrafiltration (UF) method separates 

EVs from soluble components through a filter while applying an external force like 

ultracentrifugation. Although, EV particles may aggregate during UF, this method is fast 

with a high recovery rate of EVs. Immuno-affinity capture assay (IC) is another alternative 

method that uses monoclonal antibodies on a surface to bind to and isolate subpopulations of 

EVs. Despite being a very time-consuming method, IC can yield pure population of different 

EV subtypes but the success relies majorly on the choice of the affinity reagent and ligand 

density on different EV types30. Alternatively, microfluidic devices have been recently 

shown to enrich exosomes size ranging between 30–200nm using polycarbonate 

membranes31. The captured EVs can be analyzed using on-chip ELISA, although future 

studies rigorously testing this new technology are needed. Finally, precipitation assay, which 

is mainly a concentration method, uses precipitation kits to isolate EV particles. In this 
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method, various commercial kits, based on volume excluding polymers (for example poly 

ethylene glycol) are being used to rapidly precipitate EVs. Although precipitation assay is 

fast with a high recovery rate, but protein contamination and the formation of EV aggregates 

are the concerns of this method20. In this technology, co-precipitation of lipoproteins and 

residual matrix as well as soluble proteins might affect the function of EVs.

Fetal bovine serum (FBS) or fetal calf serum (FCS) represent a potential source of exosomes 

contamination in the cell culture supernatant. FBS and FCS contain large number of bovine/

calf serum exosomes and lipoproteins, which can be co-isolated with the EVs and influence 

EVs biological effects on recipient cells. Bovine/calf serum exosomes can be essentially 

removed by ultracentrifugation of FBS/FCS at 100000 g for 18h32fFB. In this regard, several 

companies market exosome free FBS. However, the method for removal of exosomes from 

FBS/FCS is not detailed. Alternatively, considering EVs for clinical use, future work on 

isolation of EVs using synthetic serum or serum free conditions might be beneficial.

Almost none of the EV isolation methods extract a pure sample of EV and each method has 

its advantages and limitations. Despite the challenges of each of the methods, the technical 

aspects of EV isolation are rapidly growing with the possibility of standardizing universal 

protocol (s). To overcome the lack of consensus on the most effective method for EV 

isolation, and to centralize all EV related methods, Van Deun et al. initiated EV-TRACK 

website (http://evtrack.org/) with the goal of encouraging researchers to share their 

experimental techniques and guidelines with their peer scientists33. On the other hand, the 

International Society for Extracellular Vesicles (ISEV) which also focuses on EV studies, 

provides researchers an updated and comprehensive source of EV studies34.

EV Cargo

Most of the EVs constitutively express certain molecules including tetraspanins (CD9, 

CD63, CD81 and CD82), heat shock proteins (Hsc70, Hsp90), Rab GTPases, flotillin, Alix, 

TSG101, MHC-class I and class II, regardless of the source24, 35. However, recent studies on 

exosomes characterization recommends co-expression of tetraspanins (CD63, CD9 and 

CD81) and endosomal proteins (syntenin-1 and TSG101)24. Furthermore, EV subtypes can 

be identified based on the markers enriched with endosomal proteins or plasma membrane 

proteins such as selectins, integrin’s and CD40 expression36. Immune cells, such as B cells, 

T cells and dendritic cells have been demonstrated to mediate MHC-I and MHC-II 

dependent immune responses upon EV secretion37, 38. Additionally, a comprehensive 

database on a growing list of EV contents can help identifying potential markers 

(www.exocarta.org/). Secondly, cargo molecules (including proteins, RNA, miRNAs, and 

lipids) within EVs may vary with a specific cell type or physiological or pathological 

condition. For instance, Gyorgy et al. analyzed exosome and microvesicle-associated protein 

contents by Ingenuity Pathway Analysis (IPA) and reported that both types of vesicles are 

highly involved in cellular movement, cell-to-cell signaling, tissue development and cancer. 

However, unlike exosomes, microvesicles were shown to be more associated with 

inflammation and cell death biological functions21. Furthermore, we have recently shown 

that bone marrow endothelial progenitor cells secrete dysfunctional exosomes with 

drastically altered exosomal cargo (RNAs and proteins) under inflammatory stimulus39. 
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Also, recent reports indicate active sorting of specific miRNAs in to the exosomes distinct to 

the cytoplasmic RNAs, suggesting exosomal miRNA mediated regulation of their target 

genes in the recipient cells40–43. In addition to miRNA, we and others have shown several 

other RNA species including lncRNAs, tRNA, scaRNA, piRNA, rRNA in the 

exosomes15, 44. A recent report shows miRNAs constitute a small portion of the RNA 

present in the CDC-exosomes (~7%), whereas ~18% is comprised of Y RNA45. It will be 

interesting to explore in depth whether these less studied RNA species exhibit similar gene 

regulatory functions as demonstrated by miRNAs in EVs. However, little is known about the 

underlying mechanisms how specific RNA species are packaged with in the EVs or whether 

different subtypes of EVs from a given source have similar distribution of these RNAs 

remains an open question.

EVs visualization and characterization

Characterization of EVs is required for studying the functional role of each single EV. EVs 

can be visualized and characterized by a variety of different methods including electron 

microscopy, flow cytometry, mass spectrometry, and western blot assays. Other novel 

methods like nanoparticle tracking analysis (NTA), dynamic light scattering (DLS), resistive 

pulse sensing (RPS), and nano-plasmonic exosome (nPLEX) assay are also applied for EV 

detection and characterization. Electron microscopy, mainly transmission electron 

microscopy (TEM), is the standard method for EV visualization that can detect even the 

smallest EVs. One method to visualize EVs by TEM is Immuno-gold labeling. In this 

approach, proteins and lipids on the surface of EVs are labeled with gold particles and 

detected by TEM46. Electron microscopy detection techniques give high-resolution images 

of EVs and are capable of distinguishing EV particles from same-sized non-EV 

contaminants. Overall, EVs morphology can be detected by transmission electron 

microscopy47, cyro-electron microscopy48 and atomic absorption microscopy.49 

Furthermore, flow cytometry is a more general technique that is used for the detection of all 

different types of EVs (including exosomes, microvesicles, and apoptotic bodies). Flow 

cytometry is fast and can help to identify/sort subpopulation of EVs based on specific 

membrane markers20, 21, 50–52. Moreover, consensus is building towards using NTA or DLS 

to evaluate the quality or quantity of EVs. However, NTA do not distinguish the EVs 

associated contaminants such as LDL and ribonucleoproteins26, 53, 54, due to its limitation of 

identifying particles beyond 50nm including LDL. Whereas, DLS is a method used for 

determination of the size distribution of particles, ranging in size from 1 nm to 6 μm, 

therefore can detect LDL particles (10–20nm). Nevertheless, NTA distinguishes the size and 

concentration of EV particles by tracking their Brownian motion, which is important to 

evaluate the EVs yield from a given source. Therefore, other approaches which intend to 

quantify EVs purity, such as particle number or protein concentration to lipid content can be 

performed29, 55–57.57.58. Further, resistive pulse sensing (RPS) is another technique that 

determines the size and concentration of EV particles by Coulter principle59. Similar to 

nanoparticle tracking assay, this method is also not capable of distinguishing EVs’ 

associated contaminants20. On the other hand, nano-plasmonic exosome (nPLEX) assay is a 

novel, high-throughput, sensitive technique that has been used for quantitative analysis of 

exosomes for the detection of cancer biomarkers including ovarian cancer. nPLEX assay is 
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based on transmission surface plasmon resonance which can detect exosomal surface 

proteins and lysate components by the application of specific antibodies. This technique can 

be expanded and applied for the characterization of exosomes originating from cells other 

than cancer cells60.

EV-Mediated Intercellular Communication

Several mechanisms of EV uptake and transfer to recipient cells have been proposed. EVs 

can deliver their cargo through endocytosis (including clathrin or micropinocytosis or raft 

domain mediated endocytosis) or they can directly fuse with the recipient cell membrane 

and deliver the cargo with or without specific receptors. Alternatively, exosomes could enter 

the cells through the actin-rich filopodia protruding the cells61. Lipid rafts in the plasma 

membrane could also play a role in the EV uptake. EVs may also release their cargo in the 

extracellular space to activate the recipient cells. Furthermore, EVs can trigger the cellular 

signaling in recipient cells by receptor-ligand interaction62. Thus, EV cargo (depicted in 

Fig-2) participate in the intracellular communication between different cardiac cell types 

including cardiomyocytes, fibroblasts, endothelial cells and macrophages in both 

physiological and pathological conditions. The effect of EV on cardiovascular recipient cells 

has been widely reported and is summarized in Table-2. In the following section, we will 

discuss the examples of the mechanisms of the communication between the cardiac cells in 

vitro, as isolation and function of EVs in vivo is still challenging and is currently an active 

area of investigation.

Cardiomyocyte-derived EVs

Cardiomyocytes constitute the important cells in the heart responsible for generating 

contractile force63. EVs secreted from neonatal cardiomyocytes has been recently studied. 

Gupta et al has shown that HSP60 is released from cardiac myocytes through exosomes64. 

Further, a study has shown the possibility of hypoxia triggering TNF-α packaging in 

exosomes in the cardiomyocytes which may lead to the stimulation of inflammatory 

response65. Also, mechanical stretch of cardiomyocytes secretes exosomes enriched with 

angiotensin II type-1 receptors (AT1Rs) and modulate vascular responses to neurohormonal 

stimulation by targeting cardiac muscles66. β-arrestin-2 G-protein coupled receptor plays an 

essential role in the packaging of AT1R cargo in the exosomes. Further, AT1R-enriched 

exosomes administration improved blood pressure induced by angiotensin II in AT1R-KO 

mice. These findings propose that EV surface proteins may affect tissue-specific targeting66.

Garcia et al demonstrated that neonatal cardiomyocytes under glucose deprivation release 

exosomes carrying glucose transporters and glycolytic enzymes to recipient endothelial cells 

to increase glucose uptake, glycolytic activity and pyruvate synthesis67. Further the same 

group has shown that glucose deprivation in rat cardiomyocyte cell line releases exosomes 

that enhance cell proliferation and angiogenesis of the recipient endothelial cells68. Overall 

these studies shed light on the role of exosomes in intracellular communication between CM 

and ECs under glucose deprivation and nutrient stress.
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Wang et al mimicked diabetic cardiomyopathy in vitro by subjecting the cardiomyocytes to 

hyperglycemic and hypoxia stress and observed that exosomes secreted by these cells and 

taken up by recipient endothelial cells, exerted anti-angiogenic functions via miR-320 

targeting GF-1, Hsp20 and Ets269. This study provides a novel mechanism of diabetes 

induced vascular dysfunction mediated via cardiomyocyte exosomes. These observations 

emphasize the importance of cardiomyocyte EVs as potential biomarkers in pathological 

stress.

Endothelial cell and fibroblast derived EVs

Vascular endothelial cells which line the entire circulatory system secrete vesicles that 

exchange biological messages with multiple cardiac cells. A recent report suggested that 

endothelial cells subjected to hypoxia and inflammation can influence the exosomal mRNA 

and protein cargo suggesting cellular stress effects on the exosome content40. Further, it has 

been shown that endothelial cells secreting exosomes enriched with miR-214 suppress 

senescence and promote angiogenesis and migration targeting ataxia telangiectasia 

mutatedprotein70. Halkein et al reported miR-146a as a critical mediator of the 

antiangiogenic effects in endothelial cells in a model of post-partum cardiomyopathy. 

Further this study also reported that endothelial cell exosomes loaded miR-146a can be 

transferred to cardiomyocytes and impair their metabolism by targeting erb-b2 receptor 

tyrosine kinase 4 (ERBB4), NOTCH1, and interleukin-1 receptor-associated kinase 1 

(IRAK1). Further, in a mouse model of peripartum cardiomyopathy, locked nucleotide acid 

(LNA) modified antagomiR-146a treatment attenuated heart failure phenotype71. In contrast, 

cardiosphere derived cell derived exosomes enriched miR-146a has been shown to exhibit 

cardio-protection in a mouse model of MI, downregulating IRAK-1 levels. Thus, beneficial 

or deleterious role of exosomal miR-146 appears to be dependent upon cells and stimuli and 

warrants further investigation.

Cardiac fibroblasts constitute the major proportion of the heart. Activated fibroblasts play an 

important role in fibrosis. Cardiac fibroblasts in response to angiotensin-II release exosomes 

into cardiomyocytes to induce cardiomyocyte hypertrophy via activating AT1R and AT2R72 

and suppression of exosomes release by GW4869 and dimethyl amiloride (DMA) inhibited 

cardiomyocyte hypertrophy. Further it has been shown that, cardiac fibroblasts EV enriched 

with elevated levels of miR-21 mediate cardiomyocyte hypertrophy. Authors found that 

cardiac fibroblasts exosome derived miR-21* as a key paracrine mediator targeting sorbin 

and SH3 domain-containing protein 2 (SORBS2) and PDZ and LIM domain 5 (PDLIM5) in 

cardiomyocytes to induce hypertrophy. Furthermore, therapeutic inhibition of miR-21* 

attenuated Ang-II induced cardiac hypertrophy pathology in mice73. These results suggest 

that specific targeting of cardiac fibroblasts exosomes release or CFs enriched exosomal 

miRs may be a potential novel therapeutic approach for the treatment of pathological 

hypertrophy or heart failure.

Macrophage derived EVs

Macrophages are an important mediator of inflammation in cardiac injury. Lyu et al has 

shown that during the cardiac injury, stimulated macrophages increased miR-155 enrichment 
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in exosomes and act as a major paracrine mediator of fibroblast proliferation by 

downregulating Son of Sevenless 1 expression and fibroblast inflammation by decreasing 

suppressor of cytokine signaling-1 expression74. These effects were reversed by miR-155 

antagomiR. Using miR-155 KO mice, authors have further demonstrated that transplantation 

of wild-type macrophage exosomes into miR-155 KOmice aggravated cardiac rupture and 

adverse cardiac remodeling after MI. Thus, macrophage-enriched exosomal miR-155 

appears to impair cardiac repair after AMI and targeting miR-155 may be a potential 

therapeutic approach after MI.

Plasma-derived EVs

Treatment with plasma exosomes isolated from rat and healthy human volunteer was 

reported to augment cardio-protective signaling in myocytes in vitro and ex vivo and in vivo 

models of ischemia-reperfusion (I/R)60. Authors identified that TLR-4 mediated interaction 

of cardiomyocytes with HSP70 on plasma exosomes led to activation of HSP27 and ERK 

1/2 signaling pathway, playing a key role in cardio protection. Further, cardiomyocyte 

survival was inhibited by a neutralizing antibody against HSP70 on exosomes or TLR4 in 

cardiomyocytes, suggesting plasma exosomes as novel therapeutics for cardiac repair62. 

However, the same group has recently reported that plasma exosomes derived from rats or 

humans with type II diabetes could not activate ERK1/2 and therefore did not offer cardio-

protection75. How diabetes affects plasma exosome function is yet to be determined.

On a whole, above studies demonstrated that exosomes derived from different cells 

subjected to pathological stress have detrimental effects on the post- cardiac injury repair. 

These observations suggest that therapeutic targeting of exosomes release or exosomal 

content could represent a novel avenue for the treatment of cardiovascular diseases.

Pericardial fluid derived EVs

Pericardial fluid (PF)harbors heart secreted hormones and has been well known to reflect the 

cardiac function76. In this regard, Cristina et al showed that PF exosomes derived from aortic 

valve replacement (AVR) patients showed enriched let-7b-5p levels. PF exosomes treatment 

improved survival, proliferation, and tube formation ability of endothelial cells (ECs) in 
vitro. Importantly, PF exosomes treatment improved blood flow recovery and angiogenesis 

after hind limb ischemia in mice compared to the plasma exosomes. Mechanistically, PF 

exosomes enriched with let-7b-5p regulates its target gene transforming growth factor beta 

receptor-1 (TGFBR1) expression to mediate aforementioned functional benefits77. Further, 

one other study by Eleonora et al, using shot-gun proteomics approach identified clusterin in 

PF exosomes derived from acute MI patients. Further, authors have shown using a mouse 

model of MI that exogenous delivery of clusterin activated epicardial cells, enhanced 

arteriogenesis and reduced apoptosis leading to improved cardiac function78. Collectively 

suggesting PF exosomes as a novel therapeutic regimen for the treatment of cardiovascular 

disease.
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Stem Cell EV mediated cardiac repair

Stem cells hold great promise for potential clinical therapeutic strategies. Increasing 

evidence from animal models of experimental ischemic injuries, including those from ours 

and other independent labs79–87 suggest that stem/progenitor cells participate tissue repair 

and regeneration of the ischemic myocardium. Furthermore, clinical trials involving 

different stem /progenitor cell transplantation for ischemic myocardium has confirmed this 

possibility88–92. However, despite successful evidence from several pre-clinical studies, the 

therapeutic efficacy observed in clinical trials remains modest. Low retention and viability as 

well as diminished function of transplanted autologous stem cells obtained from patients 

with existing heart disease and associated co-morbid conditions like diabetes and systemic 

inflammation remains critically unresolved problems that limit the realization of full 

functional benefits of cell therapy and warrants alternate strategies to enhance efficiency of 

cell based therapies79, 80, 93. Stem/progenitor cell derived exosomes provide one such 

alternate cell-free therapeutic modality. Novel, non-traditional use of cell-free components 

of stem/progenitor cells such as exosomes, loaded with stem cell-specific miRs and proteins 

(depicted in Fig-2) may allow for harnessing the regenerative power of these cells to 

augment and modulate endogenous protection by transferring the cargo to various cardiac 

cells (depicted in Fig-3) and stimulate repair processes in the ischemic 

myocardium3, 6, 45, 94–97. Examples of stem/progenitor cells EVs communication with 

different cardiac cells in the injured heart are shown in Table-3 and discussed below.

Pluripotent stem cell EVs

Since iPSC discovery by Yamanaka, iPSCs revolutionized the research field as somatic cells 

can now be reprogrammed to pluripotent stem cells, thus circumvent the immune rejection 

and ethical issues associated with embryonic stem cells98. As iPSC therapy might induce 

teratomas, differentiation of iPSC to cardiomyocytes offers new possibilities and significant 

advantages in regenerative medicine98.

Post I/R injury, iPSC-derived exosome therapy exhibited cardio protective effects via 

miR-21 and miR 210 targeting Nanog and HIF-1α, respectively99. Further, a recent study 

also proposed exosomes carrying miRNAs and lncRNAs in iPSC and ESC derived exosomes 

and iPSC and ESC derived cardiomyocytes transplantation exhibited reparative abilities post 

myocardial ischemia in mice44. Thus, autologous iPSC derived cardiomyocyte exosome 

therapy might be envisaged as a potential option for cardiovascular regenerative medicine. 

EV transfer of miRNAs to the recipient cells should be carefully interpreted, because there 

might be a possibility that a component of EVs induce endogenous expression of a specific 

miR rather than by the EV enclosed miRNA transfer. For instance, we have shown that 

embryonic stem cell exosomes transfer miR-294 to CPC which lack this miRNA (as this 

miR is not expressed in adult cells/animals). Further, we have shown that mouse embryonic 

stem cell exosomes secreting miR-294 enhanced myocardial repair by augmenting resident 

CPC proliferation and differentiation as well as activating cardiomyocyte cell cycle re-

entry94. It has been shown that hiPSC-derived microvesicles (MV) could also effectively 

transfer their cargo to cardiac mesenchymal stromal cells (cMSC) and stimulate cardiac and 

endothelial differentiation in these cells. Therefore, similar to hiPSC-derived exosomes, 
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hiPSC-derived MV effects could be exerted in cardiac tissue repair and stem cell therapy 

medicine100. On the other hand, Adamiak et al has shown that, mouse iPSC-EVs compared 

to mouse iPSCs do not form teratomas and more efficacious in cardiac repair after 

myocardial ischemia/reperfusion (I/R) injury in mice, mediated via transfer of multiple 

cardio protective miRNAs viz. miR-145, let-7 family and miR-302a-5p, miR-290–295, 

miR-19b, miR-20a, miR-126–3p, miR-130a-3p, miR-210–3p and miR-17–92 involved in 

cell proliferation, differentiation, angiogenesis, anti-apoptosis, adaptation to hypoxic stress, 

regulation of cell cycle, self-renewal and pluripotency. Similarly, several proteins involved in 

angiogenesis and remodeling were identified as nodal proteins in the network analysis. Thus, 

iPSC-EVs therapy has the potential for cardiac repair is extremely encouraging and may 

have future clinical implications for cardiovascular regenerative medicine.

Endothelial progenitor cell EVs

Increasing evidence from animal models of experimental ischemic injuries including those 

from our labs15, 79–81, suggest that EPCs participate in the process of neo-vascularization 

and tissue repair leading to enhanced recovery of ischemic myocardium. However, ample 

evidence from the literature indicated that the transplanted cells secrete angiogenic growth 

factors and orchestrate ischemic tissue neovascularization and repair by paracrine 

mechanisms6.

In a very first demonstration that stem/progenitor cell derived exosomes can mimic 

angiogenesis responses just like their parent cell of origin, we reported that exosomes from 

human CD34+ hematopoietic cells augment angiogenesis both in vitro and in vivo101. 

Furthermore, we demonstrated ex vivo modification of human CD34+ cells with sonic 

hedgehog79 can preserve cardiac function in face of ischemic injury. Importantly, the cardio 

protective effect of CD34+ cells are mediated by sonic hedgehog (Shh) packaging in 

exosomes produced by the CD34+ cells that not only protected existing cardiomyocytes but 

enhanced angiogenic response of the heart. Further, a recent study has shown that, human 

CD34-Exo enriched miR-126 transfer to endothelial cells targeting SPRED1 enhance 

angiogenic and therapeutic benefits following ischemic insult102. Since content and function 

of exosomes mirror the physical and genetic state of the cell, it is unclear if exosomes from 

dysfunctional stem cells would be therapeutically functional. In these lines, we have recently 

shown that EPC exosomes under inflammatory stimulus (IL-10 null EPC) exhibit altered 

exosome cargo especially via increased levels of miR-375 in exosomes from IL-10KO 

EPCs103. Interestingly, miR-375 modulation in the IL-10KOex partly rescued endothelial 

cell protection activity subjected to H202 stress104. These exciting results suggest that stem/

progenitor cell-specific dysfunction observed in their exosomes can be rescued by 

modulation of their contents.

Mesenchymal stem/stromal cell EVs

Mesenchymal stem/stromal cells (MSC) represent the most extensively studied cell types for 

paracrine signaling in therapeutic applications105–107. MSC-exosomes preconditioned 

cardiac stem cells transplantation enhanced neovascularization, reduced fibrosis and 

improved cardiac function post-MI. Further miRNA profiling revealed exosomes were 
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enriched with miR‐147, let‐7i‐3p, miR‐503‐5p, and miR‐362‐3p associated with targets 

genes involved in cell proliferation, differentiation, migration and angiogenesis. Thus 

suggesting MSC-exo pretreatment can be a potential strategy to improve survival and 

angiogenic ability of transplanted CSCs108. Further, it has been shown that MSC-Exo 

enhance myocardial viability and adverse remodeling by increasing ATP levels, reducing 

oxidative stress and promoting AKT activation in a myocardial infarction model109. 

Interestingly, a recent study has shown that extracellular matrix metalloproteinase inducer 

(EMMPRIN) enriched MSC-exo transplantation in mice induced blood vessel growth in 

matrigel plugs was mediated through ERK/AKT axis validating the angiogenic effects of 

MSC-Exo110 . MSCs preconditioning with hypoxia has been shown to enhance 

angiogenesis. Gonzalez-King et al studied the contribution of HIF-1α-overexpressing MSC-

exo. Intriguingly, exosomes derived from MSCs overexpressing HIF-1α demonstrated 

increased angiogenic capacity of human umbilical vein endothelial cells (HUVEC) in part 

via elevated levels of Jagged1 in the HIF1-α overexpressing MSC-Exo111. Similarly, 

exosomes secreted by GATA-4 overexpressing MSCs restored cardiac function and 

cardiomyocyte survival by transferring miR-19a to cardiomyocytes and activating 

ERK/AKT survival signaling112. Mesenchymal stem cells (MSCs) have been shown to be 

cardio-protective effects in sepsis models, but mechanistic insights were unclear. In this 

regard, a recent study evidenced miR-223 contribution to MSC-elicited protective effects 

against sepsis through the exosome-mediated transfer of miR-223 to macrophages and 

cardiomyocytes leading to reduced inflammatory responses and cell survival, respectively, 

by down-regulating its targets semaphorin 3A and signal transducer and activator of 

transcription-3 expression. These results suggest a new role of exosomes mediated cardio 

protection in sepsis113. Very interestingly, Luo et al recently introduced synthetic MSC 

(synMSC), where human MSC secreted factors were packaged into poly (lactic-co-glycolic 

acid) micro particles and MSC membrane coated on to them. This exciting synMSC 

exhibited superior cryo stability and transplantation of synMSC attenuated cardiac 

dysfunction post-MI in mice. Importantly, this strategy might offer a uniform “off the shelf” 

therapy114.

Cardiac stem/progenitor cell EVs

Cardiac stem cells, both cardiac progenitor cells (CPCs) and cardiosphere derived cells 

(CDCs), sparkled remarkable interest in cardiac regenerative medicine, owing to their source 

of origin. CPCs transplantation led to augmentation of cardiac function in animal models of 

cardiac disease115, 116. Two recent clinical trials using CSC demonstrated their efficacy in 

patients with heart failure89, 90. Recent consensus suggests of like other stem/progenitor 

cells CSC therapeutic benefits are also attributed to its paracrine factors.

Recent studies demonstrated that exosomes released from CDCs or cardiac progenitor cells 

(CPCs) are cardio protective. Very interestingly, Ibrahim et al showed that miR-146a which 

is highly enriched in CDC-EVs promotes cardiac regeneration in vivo. Further, authors 

demonstrated that inhibition of exosome secretion in CDCs renders them ineffective for 

myocardial repair process3. Further, the same group has shown that CDC-EVs are anti-

fibrotic and angiogenic117 and promote cardiomyocyte survival and proliferation following 

MI3. While identifying miR-146a as a highly-enriched miRNA within CDC-EVs that 
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promotes cardiac regeneration in vivo3. One independent report also confirmed that 

miR-146a to be highly enriched in CPC exosomes and promotes cardiac repair post-MI118. 

A recent study suggested that intracoronary transplantation of EV-YF-1 following I/R injury 

reduced infarct size via elevated IL-10 secretion correlating with CDC reparative potential in 

vivo. This study provides a novel direction and highlights the importance of better 

characterization of exosomal cargo beyond miR and proteins45. Importantly, CDC exosomes 

transplantation following myocardial ischemia and reperfusion reduced infarct size and 

improved cardiac function 4 weeks later119.

It has also been recently demonstrated that, CDC exosomes drastically altered the secretory 

profile of dermal fibroblasts. Further, transplantation of these CDC-exosome-primed 

fibroblasts, reduced scar mass, improved neovascularization and cardiac function in rat 

hearts post- chronic MI120. Thus, CDC-derived exosomes transformed dermal fibroblasts to 

therapeutic cells. Further a recent study has shown that miR-181b transfer from CDCs-Exo 

into macrophage reduces PKCδ transcript levels, thus renders cardio protective effects post-

I/R injury120 .

Similarly, exosomes secreted by CPCs were reported to stimulate migration of endothelial 

cells and protect ischemic myocardium via EMMPHRIN121. Further, in vivo administration 

of CPC exosomes inhibited cardiomyocyte apoptosis by 53% in an ischemia/reperfusion 

mouse model122 validating the cardio protective effect of stem cell derived exosomes. 

Furthermore, Barile etal. demonstrated administration of human CPC exosomes inhibited 

cardiomyocyte apoptosis, enhanced neovascularization and attenuated left ventricular 

dysfunction post-MI in mice118 mediated via enriched miR-210, miR-132, and miR-146a-3p 

in CPC exosomes leading to reducedcardiomyocyte apoptosis118. A recent study suggested 

that hypoxia preconditioned nCPCs exosomes restore cardiac function via enriched 

angiogenic genes, anti-fibrotic genes and a cluster of exosomal miRNA in the exosomes123 . 

However, results from another study by Sharma et al support the synergistic role of both-

total conditioned media and exosomes derived from neonatal cardiac progenitor cells in 

augmenting cardiac repair post-MI124, suggesting developmental stages affects CPCs 

function and utilizing young or healthy donors CPC exosomes as therapeutics might be 

beneficial, thereby avoiding CPC dysfunction associated with advancement of age. These 

results collectively support that CDC and CPC derived EVs mediate cardiac repair and 

regeneration.

On a whole, EVs derived from different stem cell populations promote cardiac repair. 

However, the heterogeneity with in EV population represents a major challenge in 

distinguishing the characteristics, composition and functional vesicle type within all the EVs 

secreted by a donor stem/progenitor cell125. Therefore, future studies might focus on 

improving existing technologies and development of novel high-resolution methodologies 

for EV- subpopulations isolation. Also, use of serum may introduce contaminant RNA/

lipoproteins typically co-isolated with the EVs, which may influence EVs biological effects 

on recipient cells126. Therefore, reproducible stem/progenitor EVs isolation using serum-

free/pre-defined serum conditions may have potential future clinical applications to 

accelerate cardiac repair127. Furthermore, a recent study on quantitative and stoichiometric 

analysis of the miRNA content of exosomes revealed that over 100 exosomes would be 
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required to fuse to a recipient cell to transfer a single copy of a highly abundant endogenous 

miRNA, suggesting a significant amount of miRNA or EV component needs to be 

transferred to have a biological effect128. Therefore, it would be interesting to investigate if 

certain miRNA/s or other bio-active molecules aforementioned in EVs are abundant and 

more important than others? Additionally, comparison and integration of the growing 

number of RNA/proteome data sets from different stem cell secretome will further help to 

obtain an entire picture of the critical regulators of cardiac regeneration.

EV targeting and uptake

As mentioned, EVs play important roles in cell to cell communication by carrying a range of 

different proteins and nucleic acids to their recipient cells. EVs target their recipient cells, 

release their cargo and affect the phenotype and function of these cells. To demonstrate EVs 

function, reports suggest EVs can be fluorescently labelled with lipophilic dyes such as 

PKH26, PKH67 etc. However, unbound dyes can also co-label recipient cells and may give 

false positive results. For this purpose, recent efforts suggest removal of free dye can be 

achieved by ultracentrifugation or by using viva spin filters94, 129. Specific protein-protein 

interactions between EVs and target cells could play an important role in specific cell 

targeting and vesicular uptake. Although exosomes are generated from different sources of 

cells, they all share similar structural characteristics including similar protein and lipid 

contents in their plasma membranes. There are a wide variety of proteins associated with 

exosome membranes including transmembrane proteins and adhesion molecules of 

tetraspanins, integrin, and membrane receptors130–132. These are the most prominent 

proteins associated with exosomes which play important roles in cell targeting and 

association133–136. Specific exosomal cell targeting occurs through a highly specific ligand-

receptor interaction. This mainly happens when matching combinations of ligands and 

receptors are expressed on the surface of EVs and target cells respectively137. Subsequently, 

attached EVs exert their effects on the target cells by the activation of specific intracellular 

signaling pathways. Various reports reveal mechanisms involved in cell targeting and 

exosome uptake. Tumor-derived exosomes and their targeting mechanisms are among the 

most studied EVs. It was recently shown that integrin (ITG) adhesion molecules expressed 

on tumor-derived exosomes are sufficient to guide exosomes to specific pre-metastatic niche 

and initiate metastasis138. In this study, it was revealed that tumor exosomes expressing ITG 

αvβ5 are guided to liver cells and specifically bind to Kupffer cells138,139. Similarly, 

exosomal integrins α6β4 and α6β1 are lung-tropic factors associated with lung fibroblasts 

and epithelia cells. Furthermore, the same group showed the presence of ITGβ3 in exosomes 

fused with brain endothelial cells. The uptake of EVs by these specific cells activates Src 

signaling in the recipient cells which is followed by the upregulation of pro-migratory/pro-

inflammatory factor of S100. These findings shed light on the role of exosomes in mediating 

organ-specific metastasis and showed that specific subtypes of integrins are important in 

mediating the binding of exosomes to the target cells138.

Moreover, Liu et al showed that the activation of CD4+ T cells plays a major role in healing 

the myocardial wounds after myocardial infarction (MI). It was shown that the uptake of 

dendritic cell-derived exosomes is increased by CD4+ T cells after myocardial infarction140. 

Subsequently, these exosomes induce upregulation of chemokines and inflammatory 
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cytokines such as IFN-Ƴ and TNF-α in CD4+ cells and improve cardiac function post-MI. 

However, the mechanisms through which the specific triggering of CD4+ T cells occur is not 

discussed in this study140.

Another example of specific cell targeting is studied in the exosome membrane of cardiac 

cell lines. Cx43 is a gap junction transmembrane protein embedded in the membrane of 

cardiac cell exosomes. In vitro studies revealed that Cx43 mediates the interaction of 

exosomes with their target cells and regulates the transfer of exosomal cargo between 

exosomes and their target cells141.

The formation of circulating EVs is increased in cardiovascular diseases and the interaction 

between these vesicles and their target cells could play an important role in the development 

of the diseases142. In atherosclerotic lesions, CD40L+ vesicles bind to their receptor CD40 

on endothelial cells and induce in vivo angiogenesis143. Moreover, in the presence of sonic 

hedgehog (shh), T cell-derived vesicles induce the activation of Patched/Smoothened 

receptors and stimulate angiogenesis in their corresponding recipient cells144, 145. In a 

different study, it was shown that circulating EVs expressing heparin-binding EGF-like 

growth factor (HB-EGF) promote pro-oxidative and pro-inflammatory responses by binding 

to EGFR+ endothelial cells146. Additionally, Rautou et al. showed that ICAM-1+ EVs 

derived from atherosclerotic human plaques can interact with endothelial cells in a 

phosphatidylserine dependent way147. This interaction leads to the increased expression of 

adhesion molecules on the endothelial cells which consequently recruits inflammatory cells 

such as monocytes in to the place and promotes atherosclerotic plaque progression147. These 

results demonstrate that EVs isolated from human atherosclerotic plaques exacerbates the 

progression of atherosclerotic formation. Therefore, as some of the circulating EVs are 

potentially proinflammatory, their immediate clearance from the circulatory system is 

necessary to avoid the development of thrombotic diseases.

The mechanism for clearing the harmful circulating exosomes is discussed by Happonen et 

al108. They showed that upon activation, platelets release plasma membrane-derived vesicles 

expressing phosphatidylserine on their surface. The protein-protein interaction of GAS6 to 

tyrosine-protein kinase receptor AXL is responsible for stimulating the uptake of these EVs 

by aortic endothelial cells and human umbilical vein endothelial cells. This is followed by 

subsequent phagocytosis of these EVs by both of these endothelial cells148. However, it is 

noteworthy that even though these circulating vesicles interact with their recipient cells 

through specific molecules, but whether the target of EVs is a specific cell type or a random 

cell remains to be determined.

As mentioned earlier, in a recent study, CD34+ stem cell exosomes and their role in 

mediating ischemic tissue repair in patients with myocardial and critical limb ischemia was 

investigated. CD34+ stem cell exosomes promote angiogenesis when applied to ischemic 

hind limbs. Interestingly, it was shown that these exosomes are internalized by endothelial 

cells to a greater extent than smooth muscle cells and fibroblasts, which suggests that CD34 

transmembrane protein on the stem cell derived exosomes specifically targets endothelial 

cells and binds to its matching proteins on these cells149.
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Similarly, in another recent study, it was shown that isolated CPC exosomes are also taken 

up at varying levels by cardiac target cells (fibroblast, endothelial, and cardiomyocytes)120. 

It was shown that exosomes are internalized by fibroblast cells at maximum extent, while the 

minimum uptake was detected by cardiac myocytes. The different levels of uptake suggests 

the existence of cell-specific differences between cardiac cells which its mechanism has 

remained to be determined150. Although the knowledge on mechanisms regulating cardiac 

exosomal targeting is limited and the exact mechanisms by which exosomes internalized in 

cardiac target cells is not fully understood yet, but certain assumptions can be made based on 

the knowledge obtained from studies on exosomes derived from other cells. Overall, 

unraveling the mechanisms involved in the exosomal targeting and uptake is beneficiary in 

designing strategies for selective delivery of therapeutic molecules.

Mode of EVs action in vivo

Several techniques for EV labelling and tracking has been reported in vivo. For example, an 

elegant approach for EV transfer has been demonstrated using transgenic mice expressing 

CRE recombinase and a LacZ reporter gene. Riddler et al demonstrated thatinjection of Cre 

mRNA-in EVs can induce recombination in the cerebellum151. This exciting finding 

suggests that Cre mRNA in EVs leads to excision of loxP sites in recipient cells can serve as 

an important tool for understanding the physiological or pathological role of EVs in 

cardiovascular diseases. Another study used green fluorescence protein (EGFP) and tandem 

dimer Tomato (tdTomato) reporters fused with a palmitoylation sequence for EV membrane 

labeling to visualize and track multiple tumor EV populations release, uptake and exchange 

between cell populations bothin vitroandin vivo152. However, it should be noted that 

fluorescent protein tags may affect the normal function and trafficking of the EVs. Also, one 

other study reported a combinedluciferase and biotinylation EV reporter for 

bioluminescence imagingin vivo153. Further, the possibility of exosome tracking has been 

demonstrated by labelling exosomes with iron-oxide nanoparticles or radioisotopes and can 

be imaged using MRI or nuclear imaging modalities.154, 155156157 (depicted in Fig-4) 

However, our understanding of EV bio distribution and clearance is still lacking.

Several studies suggest exogenous delivery of EVs into circulation, is very short. It has been 

shown that, rabbit labelled EVs were cleared in ~10 min, when delivered into their 

circulation158. Similarly, different sources including splenocyte supernatants, red blood cell-

derived EVs and EVs from melanoma cells all were cleared from circulation in 30 

mins159–161. However, human platelet concentrate-derived EVs remained in the circulation 

with a half-life of 5.5 h. These results suggest EVs half-life depends on the cell source and 

availability of target cells to uptake the circulating EVs162. Future studies comparing the 

donor source (healthy vs diseased), number of exosomes, site of injection are warranted to 

establish uptake of the different EV populations. Nevertheless, bio distribution, 

pharmacokinetics, and possibility of targeted cell/tissue delivery of EVs are not fully known. 

Thus, imaging techniques may help to recognize the aforementioned issues and promote 

clinical translation of EVs for cardiac repair.
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System biology and computational genomics in cardiac stem cell exosome 

therapy

Congenital heart defects are among the leading cause of death in the world, therefore the 

application of efficient therapeutic systems in reducing the size of the damaged tissues in 

cardiovascular patients is of interest. The application of cardiac stem/progenitor cells 

(including CPCs and CDCs) as well as the stem/progenitor cell-derived exosomes in the 

treatment of cardiac dysfunction is relatively new163. Computational modeling is a new 

powerful tool that can potentially play an important role in the therapeutic fields. 

Computational analysis can be used to evaluate large dataset including the miRNA content 

of the exosomes and link this dataset to the corresponding regenerative 

effects123, 150, 164, 165. Exosomes are miRNA-enriched vesicles that carry their cargo to their 

final target, release them, and mediate the functionality of the target cells based on the 

characteristic of the contents they are carrying. Using microarray data, computational 

modeling determines the signals (miRNA levels) that are mostly associated with the specific 

functional outcome and creates a predictive model. Principal component analysis (PCA) and 

partial least squares regression analysis (PLSR) are two computational tools used for 

creating predictive models based on miRNA content of the exosomes. Using these models, 

the functional outcome of other exosomes from different conditions and even different cell 

types can be predicted.

PCA analysis and PLSR are used to establish relationships between covariant miRNAs 

within exosomes as well as with their regenerative functional outcomes in an unbiased way. 

PCA along with PLSR determines clusters of genes and miRNAs that are associated with 

specific phenotypes and functional outcomes. For example, Agarwal et al. showed that CPC-

derived exosomes from different age groups cluster together in the first PC analysis165. They 

also showed that exosomes derived from younger CPCs (neonate) mediate cardiac repair and 

regeneration more efficiently than child and adult exosomes. Interestingly, the same effect of 

neonate exosomes on the cardiac functionality had been predicted by the computational 

modeling. In a different study from the same group, CPC exosomes with similar reparative 

effects clustered together. It was shown that exosomes derived from neonatal normoxia, 

neonatal hypoxia, infant hypoxia, and child hypoxia which significantly improved cardiac 

functions, clustered together in the PC space. The calculated predictability for the functional 

outcome was also high for these groups150.

Nowadays, the application of computational modeling is being increased by investigators in 

different areas of research. For example, in a recent study, the integrated experimental and 

computational analysis was used to reveal the effects of hMSC exosomes on human cardiac 

contractility and arrhythmogenicity. In this study, the paracrine effects of hMSC on cardiac 

contractility was also predicted and verified in these cells166. Additionally, Platt et al. also 

successfully investigated and predicted the monocyte-derived-macrophage differentiation 

and its subsequent proteolytic activity by computational modeling164.

Overall, the application of computational tools is beneficiary in the field of stem cell therapy 

and should be expanded and used more commonly by investigators. In the stem cell context, 

the data obtained by computational modeling from a specific cell type could be used to 
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predict the potential functional outcomes in other cell types. Altogether, exosomal stem cell 

prediction analysis along with experimental approaches could provide insights into the 

development of therapeutic strategies in congenital heart defects.

EVs as biomarkers

Recently it has been shown that plasma levels of exosomes containing miR-1 and miR-133 

were significantly elevated in patients undergoing CABG and were positively correlated 

with cardiac troponin-I cTnI167. One other study reported, that elevated miR-126 and 

miR-199a only in the EVs predict the occurrence of cardiovascular events in patients with 

stable coronary artery disease168. Further it has been reported that miRNA-208a was 

significantly elevated in the serum exosomes of acute coronary syndrome patients169. 

Similarly, exosomal miRNAs miR-192, miR-194 and miR-34a have been identified as 

biomarkers for the development of heart failure170. Interestingly, a recent report showed 

heart failure patient’s pericardial fluid as a new source of exosomes containing miR-21–5p, 

miR-451a, miR-125b-5p, let-7b-5p and miR-16–5p171. These studies highlight the 

importance of EVs carrying miRNAs as prognostic markers for cardiovascular diseases. 

Even though aforementioned findings are encouraging, going forward it would be important 

to validate the observations in more number of patients at different time point’s post-

cardiovascular disease with diverse racial backgrounds to establish miRNA or other RNA 

species in the EVs as potential diagnostic markers.

Future Perspectives:

EVs are interesting entities for cardiovascular research because of three important things. 

Firstly, for understanding their role in intracellular communication in physiological and 

pathological conditions. Secondly, EVs may serve as biomarkers in pathological conditions. 

Finally, the recent evidence on stem/progenitor cell exosomes as potential therapeutic 

regimen is exciting since EVs could possibly be used as a surrogate for the stem cell based 

therapy and this regimen may overcome the roadblocks identified with the use of stem/

progenitor cell themselves.

Importantly, exosomes as therapeutics have already made their way to clinical trials172. 

Phase-I trails with dendritic cell-exosomes carrying tumor antigens has been tested as anti-

tumor therapy and found to be safe173. Recently therapeutic efficacy of autologous plasma 

exosomes has been initiated for wound repair in patients with intractable cutaneous ulcers 

(NCT02565264). Further, MSC derived exosomes therapy effect on β-mass of type-I 

diabetes has also been initiated (NCT02138331). These trials suggest the possibility/hope of 

stem/progenitor cell exosome therapy in patients with cardiovascular diseases.

When combined with available stem cell-exosome studies for myocardial repair in literature, 

two things become amply evident: −1) stem cell exosomes mimic reparative properties of 

their parental stem cells and 2) inhibition of exosome secretion renders stem cell ineffective 

suggesting exosomes as major paracrine mediators of stem cell function.

However a number of important questions need to be answered before stem cell exosomes 

could potentially be employed in clinic includes: [1] standardizing robust techniques for 
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isolation of homogenous EV population [2], better understanding of immunogenicity of 

autologous stem/progenitor cell exosomes [3], comprehensive characterization of exosome 

cargo [4], establishment of pharmacokinetics of EVs [5], standardizing optimal dose and 

route of administration [6], Improving strategies for scaling up reproducible EVs isolation 

methods for clinical use. Importantly EV therapy for ischemic cardiac diseases should 

consider background diseases such as aging, diabetes hypercholesterolemia and 

hypertension which might affect the number and function of EVs.
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Fig-1: Exosome biogenesis:
Inward budding of membrane forms early endosome, which further results in accumulation 

of intraluminal vesicles (ILVs) consisting of cytoplasmic molecules such as proteins, lipids 

and nucleic acids within large multi vesicular bodies. Conversely, microvesicles and 

apoptotic bodies are formed by the outward budding of the plasma membrane. Both 

exosomes and microvesicles carry proteins, lipids and nucleic acids and transfer to recipient 

cells either by receptor ligand mediated transfer or directing fusing with the plasma 

membrane or through endocytosis.
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Fig-2: EVs cargo of different cardiac cells and different stem/progenitor cells:
(A) cardiac cells including fibroblasts, macrophages, cardiomyocytes and endothelial cells 

EV cargo enriched with RNA/proteins etc.; (B) stem/progenitor cells including endothelial 

progenitor cells, mesenchymal stem cells, cardiac stem/progenitor cells, induced pluripotent 

stem cells and embryonic stem cells EV cargo enriched with RNA/proteins etc.
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Fig-3: Stem/progenitor cells EVs communication with different cardiac cells in the injured heart:
Stem progenitor cells secreted exosomes transfer RNA and proteins to recipient cardiac cells 

(cardiomyocytes, fibroblasts, endothelial cells and macrophages) to repair the injured heart.
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Fig-4: Mode of EVs action in vivo:
(A)To visualize specific expression of EV associated mRNA, Cre mRNA labelled with 

fluorescent or enzymatic reporter gene in EVs leads to excision of loxP sites in recipient 

cells in vivo, can be detected by fluorescence or colorimetry.(B) Florescence protein (GFP) 

reporters labelled EVs mRNA can be visualized and tracked in the recipient cells in vivo 

using florescence imaging.(C) Fluorescence protein (EGFP) and tandem dimer Tomato 

(tdTomato) reporters fused with a palmitoylation sequence for EV membrane labeling to 

visualize and track EVs uptake by recipient cells in vivo, can be detected by bioluminescent 

imaging. (D) EVs can be tracked by labelling EVs with iron-oxide nanoparticles and can be 

imaged using Magnetic resonance imaging. (E) EVs can be tracked by labelling EVs with 

radioisotopes and can be imaged using nuclear imaging.
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Table-1:

Exosomes, microvesicles and apoptotic bodies characteristics. MVB: Multi Vesicular Bodies.

Characteristics Exosomes Microvesicles Apoptotic bodies

Morphology Spherical-shaped Heterogeneous Heterogeneous

Origin MVB Plasma membrane Plasma membrane

Protein markers CD81, CD63, Alix, TSG-101 Selectins, integrins, CD40 Caspase-3, histones

Cargo Proteins, lipids, RNA, DNA Proteins, lipids, RNA, DNA Cell organelles, Proteins, lipids, RNA, DNA
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Table-2:

Effects of EVs on different cardiac cells.

EV- donor cells Size Functional unit EV-Recipient cell Function Reference

Cardiomyocytes ND HSP60 ND ND 64

Cardiomyocytes
Rat NRVM

50–80 nm TNF-α NRVM Inflammation 65

Cardiomyocytes 60–65 nm AT1R Cardiomyocytes Modulate vascular responses 
to neurohormonal 
stimulation

174

Cardiomyocytes
Rat NRVM

<70 nm Glut 1 and Glut 4, 
Glycolytic enzymes

Endothelial cells regulate glycolytic flux in 
endothelial cells

175

Cardiomyocytes ND miRNAs/did not specify Endothelial cells Promotes angiogenesis 176

Cardiomyocytes
(Healthy and Goto-
Kakizaki diabetic)

~ 77–78 nm miR-320 Endothelial cells Vascular dysfunction 177

Fibroblasts 50–100 nm ND Cardiomyocyte Cardiomyocyte hypertrophy 178

Fibroblasts 50–100 nm miR-21 Cardiomyocyte Cardiomyocyte hypertrophy 73

Macrophages 40–100 nm miR-155 Cardiac fibroblasts Fibrosis and inflammation 74

Endothelial cells 120 nm miR-214 Endothelial cells Enhanced endothelial cell 
function

70

Endothelial cells 100 nm 146a Endothelial cells 
and 
cardiomyocytes

Anti-angiogenesis and 
impair cardiac function

71

Endothelial cells 100 nm Altered RNA and 
protein composition

ND Hypoxia and inflammation 
alters mRNA and protein 
composition of exosomes

40

Endothelial progenitor cells 100 nm miR-375 Endothelial Endothelial cell survival 15

(ND, not determined; nm, nanometers; HSP, heat shock protein; TNF, tumor necrosis factor; NRVM, Neonatal rat ventricular myocytes; AT1R, 
Angiotensin II receptor type 1; Glut, glucose transporter)
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Table-3:

Stem/progenitor cells EVs mediated cardiac repair

EV Source Experimental model Functional unit Function Reference

ESC/iPSC MI miRNA/lnCRNA Cardio protective 44

ESC MI miR-294 Improved cardiac function. Enhanced 
angiogenesis and cardiomyocyte survival and 
stimulation of the survival and proliferation of 
CPCs

94

iPSC MI miR-21 and miR 210 Cardiomyocyte survival 99

CD34 cells HLI miR-126–3p Enhanced angiogenesis in vitro and in vivo 97

CD34 cells Matrigel plug assay 
Corneal angiogenesis

ND Enhanced angiogenesis in vitro and in vivo 6

CD34 cells MI Sonic hedgehog (Shh) Restored cardiac function and enhanced 
neovascularization. Shh was enriched in 
exosomes and transferred to recipient cells

96

Rat MSC MI miR-19 Reduction in infarct size and improved cardiac 
function

112

Human MSC MI ND Reduction in infarct size, improved cardiac 
function and enhanced angiogenesis

179

Mouse MSC MI miR-223 Anti-apoptoticand anti-inflammatory 180

Human umbilical cord 
MSC

MI ND Reduce cardiomyocyte apoptosis and enhance 
neovascularization

109

Human MSC Matrigel plug assay EMMPHRIN Enhanced angiogenesis 110

Mouse CPC MI miR-451 Suppression of apoptosis 110

Human CDC MI miR-146a Inhibit cardiomyocyte apoptosis, enhance 
neovascularization, cardiomyocyte 
proliferation

3

Human CDC I/R injury miR-181b Cardio protection 120

Human CDC I/R injury EV-YF-1 Reduce infarct size and improve cardiac 
function

45

Human CDC MI VEGF and SDF1-α Primed fibroblasts stimulated angiogenesis 
and cardio protection

117

Neonatal human CPC MI HSF-1 Enhanced neovascularization and improved 
cardiac function

124

Human CPC MI Cluster of miRNAs Improved cardiac function 95

Human CPC MI miR-210, miR-132, and 
miR-146a-3p

Reduced apoptosis, enhanced angiogenesis 
and improved cardiac function

110

Human plasma RIC HSP70 TLR4 mediated activation of MAPK/ERK1/2 
signaling leading to cardio protection

181

(ESC, embryonic stem cell; iPSC, inducible pluripotent stem cell; CPC, cardiac progenitor cell; HSP, heat shock protein; MSC, mesenchymal stem 
cell; CDC, cardiosphere derived cell; MI, myocardial infarction; HLI, hind limb ischemia; I/R, ischemia/reperfusion injury; RIC, remote ischemic 
preconditioning; ND, not determined).
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