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Abstract

Exosomes have an evolving role in paracrine and autocrine signaling, which is enhanced because 

these lipid vesicles are quite stable and can deliver miRNA, DNA, protein and other molecules to 

cells throughout the body. Most cell types release exosomes, and exosomes are found in all 

biological fluids, making them accessible biomarkers. Significantly, exosomes can carry a 

biologically potent cargo, which can alter the phenotype of recipient cells. In the cardiovascular 

system exosomes have been primarily studied for their role in mediating the beneficial effects of 

mesenchymal stem cells after myocardial injury. Exosomes released by cardiac cells in disease 

states, such as myocardial ischemia, can potentially have important pathophysiologic effects on 

other cardiac cells as well as on distant organs.
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1. Introduction

Exosomes are a subset of extracellular microvesicles (Table I) first identified as part of 

reticulocyte maturation, where exosomes are a vehicle for removing unneeded proteins and 

membrane, as the reticulocyte transforms into a mature erythrocyte [1, 2]. Electron 

micrograph studies of reticulocyte externalization of the transferrin receptor demonstrated 

the presence of small lipid vesicles, which were termed exosomes. Exosomes are the product 

of a series of steps involving the multivesicular body (MVB). MVBs form in cells by 

invagination of the cell membrane. Subsequently, exosomes are formed by an invagination 

of the MVB’s, resulting in preservation of the original cell membrane orientation in the 

intraluminal vesicle (ILV) membranes. MVBs either fuse with the lysosome for protein 
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degradation or with the plasma membrane, releasing ILVs into the extracellular environment 

as 30–100nm microvesicles, exosomes[3] (Fig. 1). The regulation of this switch between the 

lysosome vs. release into the extracellular space remains undefined. Recently, exosomes 

have been identified as a mechanism of intercellular signaling through the delivery of 

proteins and nucleotides, which alter recipient cells. Exosomes were first identified to have a 

pathological role by Skog who found that glioblastoma tumor cells release exosomes, which 

can be taken up by normal neural cells, changing their phenotype to a more cancerous one 

[4]. Glioblastoma exosomes transferred mRNA to the normal neural cells, and this mRNA 

was subsequently translated [4]. Furthermore, proteomic analysis of glioblastoma exosomes, 

found they were enriched in angiogenic proteins, and after uptake they were able to 

stimulate endothelial cell tubule formation. Another example of potential exosome mediated 

intercellular signaling involves viral transmission. Viral infection is associated with 

increased exosome production, and it has been postulated that exosomes could mediate 

immune evasion by transmitting virus particles between cells[5, 6]. Exosomes have been 

investigated in many biological fluids, and found to serve a number of roles from 

pathological to protective.

1.1 Pathways to Exosome Generation

The MVBs are late endosomes that mature from invaginations of the cellular plasma 

membrane. The formation and packaging of ILVs is still not fully understood, as exosomes 

do not contain random cytosolic proteins, but are enriched in certain proteins and nucleic 

acids relative to their parent cells [4, 7–9]. One mechanism of exosome packing is through 

the endosomal sorting complexes required for transport (ESCRT) machinery (Fig. 2). 

ESCRT-0 is responsible for binding ubiquitinated cargo and localizing to the endosomal 

membrane via interactions with phosphatidylinositol-3-phosphate (PI3P), as well as clathrin 

binding domains (Fig. 2A). The ESCRT-0 components are then able to recruit the ESCRT-I 

complex by interaction with the tumor susceptibility gene 101 subunit (Tsg101). The 

ESCRT-I assembly can then recruit ESCRT-II to the limiting endosomal membrane. ESCRT-

II is able to recruit and activate the ESCRT-III machinery (Fig. 2B). ESCRT-II connects the 

ESCRT-I and ESCRT-III machinery by having one end of the complex, the vacuolar protein 

sorting-associated protein (Vps) 36 subunit, interact with ESCRT-I and ubiquitin, while the 

other end (two Vps25 subunits) bind the Vps20 subunit of ESCRT-III [10]. Activation of 

ESCRT-III results in the formation of Snf7 oligomers that cause budding of the vesicle into 

the endosome lumen (Fig. 2C); then ALG-2 interacting protein-X (ALIX) is recruited to 

stabilize ESCRT-III and deubiquitinate the proteins. After budding, the ATPase Vps4 is 

needed to provide energy to allow for disassembly and recycling of the ESCRT machinery 

[11–13]. There are other non-ubquitinated/ESCRT pathways including ceramide and lipid 

rafts. Inhibition of neutral sphingomyelinase (N-Smase2), which is responsible for ceramide 

production, blocks exosome production[14–16]. Ceramide is essential to create curvature of 

the endosomal membrane, thus facilitating ILV budding[14] (Fig 2C).

1.2 Exosome Fate: Release vs. Degradation

While there are multiple routes to MVB biogenesis and exosome release, it is unknown how 

and if they play a role in the eventual fate of MVBs, potentially regulating the exosome 

release versus exosome-lysosome fusion leading to degradation of the exosomal content. 
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MVBs are trafficked to the plasma membrane with the help of the Rab GTPase family of 

proteins[17–19]; Rab5 and Rab7 are common markers of early and late endosomes 

respectively, while inhibition of Rab27 GTPases has been shown to block exosome secretion 

[18]. Silencing of Rab27a and Rab27b resulted in inhibition of docking with the cellular 

membrane and redistribution to the perinuclear space [18]. Rab27 overexpressing tumors 

show increased invasive properties in metastasis linked to output of exosomes to establish 

pre-metastatic niches [20–22]. Membrane fusion of the MVB is carried out by interactions 

of the vesicular soluble N-ethylmaleimide-sensitive factor-attachment protein receptors 

(SNAREs) with the intracellular target SNAREs allowing for release of exosomes[23, 24].

1.3 Mechanisms of Exosome Uptake

Studies of exosome uptake indicate multiple different mechanisms of uptake, which may be 

due to both dissimilarities in recipient cells and in exosome composition[25]. A common 

mechanism of internalization is via endocytosis. Exosome uptake occurs rapidly and in an 

energy-requiring manner [26–28]. Inhibition of endocytic pathways by actin filament 

depolymerization, significantly reduces exosome uptake, but does not fully prevent it [29, 

30]. Both caveolin-mediated and clathrin-mediated endocytosis are implicated as methods of 

entry, but inhibition of endocytosis does not fully abrogate exosome internalization [26, 30–

33]. As a singular method of exosome uptake has not been agreed upon, blocking such 

general internalization methods would not be specific or effective therapeutic targets. 

However exosomes can still interact with cells via receptor-ligand interactions on the 

exosome and cell membranes. Understanding what receptors are activated by exosomes in 

specific disease states may indicate specific therapeutic targets.

1.4 Exosomes and Intercellular Signaling

While the mechanism(s) of exosome uptake is still being investigated, there is evidence of 

exosomes affecting recipient cells as a novel form of intercellular signaling. Exosomes 

labeled with lipophilic dyes, such as PKH67 or DiI, which stain the exosome membrane, are 

visible inside recipient cells with fluorescence microscopy[34–36]; uptake in vivo has also 

been observed after injection of fluorescently labeled exosomes into small animals [37, 38]. 

Exosomes have also been imaged inside recipient cells by transmission electron 

microscopy[39–41]. To show that exosome content is released in the receiving cells, 

exosomes loaded with luciferin triggered bioluminescence in luciferase expressing cells 

[32]. Study of the signaling activity of transferred exosomes found that mRNA and miRNA 

carried by exosomes was functional in recipient cells [4, 7, 42]. This transfer of active RNA 

and protein has been shown to alter the phenotype of the recipient cells[4]. In addition, 

exosomes are able to carry active receptors between cells in vivo [43] including immune cell 

activation by antigen presentation and transfer of functional MHC complexes [44, 45]. The 

sum of these findings provides convincing evidence that exosomes are not only taken up by 

cells, but their content incorporates into the cell modifying its function and phenotype.

1.5 Exosome Purification

There are a number of methods for exosome isolation with varying strengths and 

weaknesses (Table 2). The most common approach is through differential 

ultracentrifugation, in which conditioned cell media or biological fluid is processed through 
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progressively increasing centrifugation steps to remove contaminating cell debris, before 

finally pelleting the exosomes by ultra-centrifuge. This purification method can be modified 

by flotation in a sucrose gradient; exosomes have a density range of 1.13–1.19 g/ml[46]. A 

less time intensive method uses ultrafiltration to concentrate the conditioned media after cell 

debris have been removed. Size exclusion chromatography is a popular method for purifying 

exosomes and removing contaminating proteins from biological samples [47, 48]. Protein 

affinity columns are also effective for capturing exosomes from samples, but may result in a 

selection bias, as they will only bind vesicles that present the target protein[49]. An 

alternative to these labor-intensive protocols is the commercially available precipitation 

reagents that will allow exosomes to be pelleted out of solution using a tabletop 

centrifuge[50]; however, they will not produce high purity exosomes if the starting samples 

have high levels of contaminating proteins or cellular debris[49]. For best results, differential 

ultracentrifugation can be combined with another exosome purification protocol such as size 

exclusion chromatography or sucrose gradient fractionation. However, for studies looking 

for a specific exosome cellular population, it may be best to first select for targets by 

immunoprecipitation.

2. Cardiac Exosomes

The understanding of the role of exosomes in the heart and cardiovascular disease has 

increased, with much of the focus on therapeutic uses. While investigating the effects of 

extracellular HSP60 (exHSP60) on cardiac myocytes, it was found that the exHSP60 was 

contained in exosomes released by isolated adult cardiac myocyte’s in culture [51, 52]. 

Further study observed that the content of cardiac exosomes changed based on the type of 

cellular stress. Rat cardiac myocytes were treated with either hypoxia/reoxygenation, too 

mild to cause necrosis, or ethanol at levels seen with the consumption of alcohol. Each of 

these treatments results in the generation of reactive oxygen species[52]. Interestingly, 

ethanol exposure caused greater release of exosomes, compared to hypoxia/reoxygenation. 

Ethanol exposure was transient, as the ethanol would evaporate or be metabolized in the cell 

culture plate maintained in the incubator, as ethanol was only given at the beginning of the 

experiment. Intriguingly, inhibiting ROS formation, which required a combination of three 

different antioxidants, markedly decreased exosome formation [52]. Proteomic analysis of 

exosomes produced after hypoxia/reoxygenation vs. ethanol (ROS mediated) demonstrated 

that the protein content differed significantly for the two treatments, as well as from previous 

studies on different cell types and stressors [52].

2.1 Exosomes in Cardiac Signaling

The effect of exosomes on cardiac cells depends on the source, as well as the stimulus for 

release, which will influence exosome content (Table 3). In a study on the benefits of 

exercise on diabetic cardiovascular complications, exosomes isolated from the serum of 

diabetic mice adapted to exercise showed enhanced expression of miR-29b and -455. 

Treatment with mimics of these miRNAs decreased expression of matrix metalloprotease 9 

(MMP-9), a protein linked to adverse cardiac remodeling in response to stress [53]. 

Exosomes released during diabetic cardiomyopathy carry miR-320, which downregulates 

expression of HSP20 [54]. Decreasing levels of heat shock proteins is thought to be a major 
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cause of cellular dysfunction. Using a streptozotocin (STZ) diabetes induced mouse model, 

it was found that overexpression of HSP20 significantly reduced cardiac dysfunction and 

triggered greater exosome production; these exosomes carried higher levels of HSP20, 

survivin, and p-Akt [54]. In vitro treatment of cardiac myocytes and endothelial cells with 

these exosomes reduced oxidative stress; in vivo treatment decreased adverse cardiac 

remodeling in the STZ mouse model [54]. Pressure overload in mice led to the release of 

exosomes containing angiotensin II type I receptor (AT1R). The primary source of AT1R 

containing exosomes was cardiac myocytes[43]. AT1R enriched exosomes were injected 

into the tail vein of AT1R-KO mice and were sufficient to confer blood pressure 

responsiveness to angiotensin II by remote transfer and expression of AT1Rs on endothelial 

and smooth muscle cells[43]. This elegant study demonstrates that exosomes are capable of 

transferring biochemically functional cell receptors in between cells.

Somewhat surprisingly circulating plasma exosomes from healthy rats have been reported to 

be cardioprotective when administered prior to ischemia/reperfusion injury[55]. Exosomes 

were administered by tail vein injection before LAD occlusion; the resulting infarct size was 

significantly reduced relative to vehicle[55]. Tracking of the exosomes by microscopy did 

not show any uptake in primary cardiac myocytes, rather protection appeared to be mediated 

by a receptor-ligand interaction. Others have reported that inducible HSP70 (HSP72) on the 

exosome surface can interact with toll-like receptor (TLR4) to activate HSP27, leading to 

cardioprotection; treatment of exosomes with a neutralizing HSP70 antibody negated the 

cardioprotection of primary cardiac myocytes from hypoxia-reoxygenation injury[55]. 

Generally, TLR4 activation is thought to be detrimental in heart disease [56–58]. 

Investigation of TLR4 in heart failure found increased TLR4 expression in cardiac 

myocytes, and activation of TLR4 induced a significant production of pro-inflammatory 

cytokines, thus further study is still needed to determine what aspects of HSP70-TLR4 

interaction are resulting in cardioprotection [55, 59–63].

2.2 Exosomes in Ischemic Conditioning

Investigation of remote ischemic conditioning (RIC) found that rats treated with RIC for 4 

weeks following myocardial infarction demonstrated a better ejection fraction and less 

severe LV remodeling, compared to untreated rats[64]. Exosomes isolated from RIC treated 

rats’ serum had increased levels of miR-29a, a negative regulator of tissue fibrosis; the 

miR29a expression levels were also significantly higher in the marginal area of infarction 

after RIC treatment[64]. However, other investigators reported that after RIC miR-144, 

which is linked to cardioprotection, was significantly increased in the exosome-free plasma 

associated with Argonaute-2; the exosomal fraction only showed an increase in the miR-144 

precursor hairpin[65]. The composition of serum and plasma is complex with a very large 

range of proteins and other molecules. Careful study is needed to elucidate the exact 

contribution of exosomes released after RIC or circulating in normal plasma to determine 

exactly what is delivered as treatment and whether these effects are consistently 

reproducible.
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2.3 Cardiac Progenitor Cell (CPC) Derived Exosomes

Cardiac progenitor cells have been identified as releasing cardioprotective exosomes. CPCs 

are a small, heterogeneous population of stem-like cells found in the adult heart that are 

thought to help replenish cardiac myocyte populations, though their specific role in cardiac 

injury is still being investigated[66–69]. Analysis of conditioned media from human CPCs 

showed the peak concentration of released extracellular vesicles, using nanoparticle tracking 

analysis, to be in the size range of exosomes (50–100nm); flow cytometry showed 

expression of exosome markers CD63, CD9, and CD81[70]. These exosomes contained 

miRNAs known to inhibit apoptosis and promote angiogenesis[70]. Exosomes isolated from 

mouse CPC conditioned media were efficiently taken up in vitro by H9C2 cardio 

myoblasts[36]. The CPC-derived exosomes inhibited caspase 3/7 activation in H9C2 cells in 

response to oxidative stress with hydrogen peroxide [36]. While increased angiogenesis and 

apoptosis inhibition may increase the risk of tumor formation, these single treatments at the 

time of acute injury are primarily focused on preventing tissue damage and cell death. In 
vivo administration of CPC-derived exosomes in a mouse ischemia-reperfusion injury model 

resulted in a significant decrease in cardiac myocyte apoptosis relative to control [36]. 

Hypoxia treated CPCs were found to have upregulation of 11 secreted miRNAs, 7 of which 

were contained in CPC released exosomes. Injection of the myocardium with CPC 

exosomes produced after hypoxia resulted in improved cardiac function, and reduced 

fibrosis in rats in both in vivo and in vitro ischemia-reperfusion models [71]. Analysis of the 

hypoxic CPC-derived, exosomal miRNAs identified additional miRNA clusters that may be 

of therapeutic value for future study [71]. Study of exosomes from pediatric cardiac 

progenitor cells found that donor age and cellular hypoxia altered the efficacy of exosome 

treatment. Athymic rats were treated with human CPC exosomes after ischemia-reperfusion 

injury. Twenty-eight days after injury it was observed that exosomes derived from neonatal 

normoxic and hypoxic CPCs, as well as infant and child hypoxic CPCs, showed significantly 

improved ejection fraction [72]. However, only rats treated with exosomes from hypoxic 

CPCs showed a significant decrease in fibrosis and increased angiogenesis [72]. Further 

study of the role of age in cardiac progenitor cells found that neonatal CPCs (nCPC) had 

greater in vitro proliferative capacity [73]. When implanted into infarcted myocardium, 

nCPCs were more effective at recovering cardiac function relative to adult CPCs [73]. 

Treatment with nCPC total conditioned medium was even more potent than either 

implanting nCPCs or treatment with nCPC exosomes alone [73].

2.4 Exosomes: The Dark Side

While the study of exosomes and their effect on cardiac function has mostly focused on 

protection from injury, there is some data suggesting exosomes can have pathological effects 

during cardiac stress. As discussed, HSP60 is released from cardiac myocytes in exosomes. 

Analysis of the isolated exosomes indicated that they were remarkably stable under both 

physiological and pathophysiological conditions[52]. If released from the exosomes, 

exHSP60 can be detrimental to cardiac myocytes via activation of TLR4[61]; there is 

evidence of other stress related proteins released in exosomes, but there is still debate about 

their adverse effects when extracellular [60, 62, 74–77]. Co-culture of adult murine cardiac 

myocytes with cardiac fibroblasts (CF) resulted in the development of cardiac myocyte 

hypertrophy[78, 79]. Analysis of CF conditioned media found exosomes enriched in 
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miR-21*[34]; these “star” passenger strands normally undergo degradation within the cell. 

Further study found that the sorbin and SH3 domain-containing protein 2 (SORBS2) as well 

as the PDZ and LIM domain 5 (PDLIM5) protein were targets for miR-21* from exosomes. 

Knockdown of either of these genes leads to cardiac myocyte hypertrophy[34]; these results 

suggest that the cardiac hypertrophy phenotype induced by cardiac fibroblasts may be due to 

downregulation of SORBS2 and PDLIM5 by miR-21* carried by exosomes[34]. Moreover, 

angiotensin II (Ang II) treatment of cardiac fibroblasts results in increased exosome release. 

Exposure of isolated, neonatal rat cardiac myocytes to the Ang II CF-derived exosomes 

resulted in activation of the renin angiotensin system, inducing hypertrophy in an autocrine 

manner[35]. Treatment of adult mouse cardiac fibroblasts with GW4869 and dimethyl 

amiloride, which inhibit exosome formation, prevented Ang II exosome release and 

markedly reduced Ang II induced myocardial hypertrophy and cardiac fibrosis[35]. These 

findings support a role for cardiac fibroblast exosomes in the adverse cardiac remodeling 

that occurs in response to stress. Exosomes have also been found to have a potential role in 

other cardiac diseases, including diabetic cardiomyopathy. Co-culture of cardiac endothelial 

cells and cardiac myocytes derived from type 2 diabetic Goto-kakizaki rats demonstrated 

inhibition of cardiac endothelial cell proliferation, while co-culture with control cardiac 

myocytes increased endothelial cell proliferation[80]. Both effects were negated when 

cardiac myocytes were treated with GW4869, a neutral sphingomyelinase inhibitor known to 

block exosome production, supporting that these changes are exosome mediated [80]. 

Additional experiments demonstrated that diabetic cardiac myocytes transferred exosomes 

enriched in miR-320 to endothelial cells, resulting in an inhibition of endothelial cell 

proliferation and tube formation; once again, treatment with GW4869 blocked the transfer of 

miR-320 to endothelial cells[80]. Thus exosomes released by cardiac myocytes appear to 

impair angiogenesis in diabetes. These varied studies support a pathologic role for exosomes 

in the progression of chronic systemic diseases, including, but not limited to, diabetes, 

hypertension and pathologic cardiac remodeling. Further study is needed to elucidate how 

exosomes released by cardiac myocytes as well as cardiac fibroblasts and endothelial cells in 

cardiovascular disease states affect the progression of cardiovascular disease.

3. Stem Cell Exosomes in Cardiac Treatment

3.1 MSC and Hematopoietic Stem Cells

While it was hoped that stem cells would regenerate damaged heart tissue, it appears that 

much of their benefit comes from paracrine factors, particularly exosomes (Table 4) [81, 82]. 

In a mouse ischemia/reperfusion injury model, it was found that treatment with MSC 

derived exosomes prior to reperfusion resulted in a significant decrease in infarct size[83]. In 
vivo treatment of mice with MSC-derived exosomes before reperfusion showed an elevation 

in bioenergetics and a decrease in oxidative stress; 30 minutes after reperfusion, exosome 

treated mice had significantly increased ATP/ADP and NADH/NAD+ ratios [84]. 

Furthermore, there was a marked decrease in local and systemic inflammation 24 hours after 

exosome treatment [84]. It has also been observed that treatment with mouse embryonic 

stem cell (ESC) derived exosomes resulted in better cardiac function after myocardial 

infarction in mice [85]. Treatment with ESC-derived exosomes augmented resident CPCs in 

the infarcted heart, resulting in increased CPC proliferation and survival [85]. Analysis of 
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the exosome contents found enrichment in the miR290–295 cluster, which are expressed in 

ESCs and thought to regulate cell cycle transition[85]. After ischemic injury, therapeutic 

transplantation of human CD34+ stem cells improved cardiac function and increased 

neovascularization[86]. Investigation of therapeutic paracrine signaling in CD34+ stem cells 

found that the proangiogenic effects could be attributed to the release of exosomes. In vitro 
treatment of cultured human umbilical vein endothelial cells (HUVECs) with CD34+ stem 

cell derived exosomes resulted in increased tubule formation; treatment with exosome 

depleted CD34+ stem cell conditioned media had no significant effect on the HUVECs [87]. 

In vivo, CD34+ exosomes in a Matrigel-plug were subcutaneously injected into mice and 

induced endothelial vessel growth in the plug [87]. Moreover, implantation of CD34+ 

exosome in the cornea of mice caused significantly greater vessel growth relative to 

treatment with CD34+ depleted mononuclear cell exosomes[87]. The specific angiogenic 

signals carried by exosomes are still being defined. Work to date suggests that stem cell 

derived exosomes have therapeutic potential for treating cardiovascular disease. This 

actually is advantageous, as purification, storage and delivery of exosomes can be much 

simpler than the preparation and delivery of stem cells. Furthermore, exosomes’ content can 

potentially be manipulated after isolation before use in treatment.

3.2 Cardiosphere Derived Exosomes

Investigation of cardiosphere-derived cells (CDCs) has also linked their regenerative 

properties to the release of exosomes. Conditioned media from CDCs was enriched with 

RNA, the majority of which was contained within exosomes [88]. Co-culture of human 

CDCs with HUVECS was found to have proangiogenic effects that were not observed when 

exosome production was disrupted by nSmase2 knockdown in CDCs [89]. Injection of CDC 

derived exosomes in an acute MI mouse model mimicked the same benefits seen with 

injection of CDCs themselves [88]; the exosome treated hearts showed decreased scar mass 

and increased viable mass, as well as lower levels of pro-inflammatory cytokines, which 

may be a result of previously reported reduction in inflammatory macrophages by CDCs 

[90]. Injection of exosomes 21 days after MI, when scar formation would already have 

progressed, showed regenerative possibilities, as the hearts had decreased scar mass with 

increased viable mass, and increased ejection fraction after this treatment [88]. Benefit from 

such delayed treatment raises the possibility of improving cardiac function in patients after 

infarction has already occurred, which is important, as cardiac injury in humans is not 

infrequently diagnosed after the critical window for reperfusion has passed. Analysis of 

CDC derived exosomes found that they were enriched in miR-146a [70, 88]; in addition, 

exosome treated cells also showed enrichment in miR-146a [88]. Knockout of miR-146a in 

mice results in impaired heart function, while exosomes deficient in miR-146a conferred 

less protection from oxidant stress; analysis of hearts treated with miR-146a showed a 

reduction in inflammatory cytokines consistent with blunted TLR signaling, as well as 

suppression of NOX4 and SMAD4, which is a key mediator of the TGF-Beta pathway [88]. 

MiR-146a alone was able to reproduce some of the benefits of CDC-derived exosomes in a 

chronic MI mouse model, such as increased viable mass, but did not show decreased scar 

mass or significant functional benefits [88].
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3.3 CDC Exosomes in Large Animal MI Models

The efficacy of CDC derived exosomes was investigated in a large animal acute myocardial 

infarction (AMI) model. Human CDC exosomes were isolated from conditioned CDC 

culture media and delivered by intra-myocardial injection into the LV wall 30 minutes after 

coronary artery reperfusion in a pig model of MI [91]. Intra-myocardial delivery of 

exosomes decreased infarct size and improved left ventricular ejection fraction (LVEF); 

importantly, intra-myocardial exosome delivery had much greater myocardial retention 

compared to intracoronary delivery [91]. While intracoronary and intravenous delivery of 

exosomes is effective in small animals such as mice and rats, it did not work in this larger 

animal model. Further basic studies of intravenous or intracoronary delivery are necessary to 

optimize exosome delivery for clinical application; clinical studies using CDCs have seen 

effective intracoronary delivery, but there are substantial differences between CDCs and 

exosomes [92]. Increased animal size may require significantly increased exosome dosage 

and/or greater time for exosome circulation and uptake. Uptake of exosomes from the 

coronaries, which have rapid passage of blood, would be expected to be less efficient than 

intra-myocardial injection. Cardiac histology showed decreased fibrosis and decreased 

cardiomyocyte hypertrophy. The presence of allogenic exosomes did not appear to promote 

a significant inflammatory response, but exosome treated animals did have higher levels of 

allo-antibodies [91].

The ability of CDCs to provide lasting therapeutic benefit may be due in part to the ability of 

CDC exosomes to alter the bioactivity of surrounding tissue [88, 93, 94]. There is evidence 

that fibroblasts treated with CDC exosomes switch to secreting therapeutic paracrine factors. 

CDC derived exosomes dramatically changed fibroblast’s secretome and miRNA profile, 

including in the subsequently secreted fibroblast exosomes [94]. Intra-myocardial injection 

of exosome-primed fibroblasts in a rat MI model resulted in a significant angiogenic effect 

and reduction in scar mass, relative to injection with unprimed fibroblasts [94]. Similarly, 

pre-treatment of cardiac stem cells (CSCs) with MSC derived exosomes resulted in an 

altered miRNA expression profile, and transplantation of MSC exosome primed CSCs 

resulted in a better cardiac outcome [67]. In an acute MI rat model, 28 days after MI, the 

group treated with exosome-primed CSCs had significantly reduced ventricular fibrosis and 

a higher ejection fraction relative to control groups, as well as those treated with standard 

CSCs [67]. Fluorescence microscopy demonstrated that exosome primed CSCs had a larger 

number of engrafted cells that co-localized with capillaries; overall, the animals treated with 

exosome primed CSCs had a greater density of capillaries and arterioles relative to those 

treated with control CSCs [67]. As not all neovascularization was associated with engrafted 

CSCs, it is still likely that much of the therapeutic benefits of CSCs come from paracrine 

factors rather than CSC differentiation. This conversion of bioactivity may indicate an 

approach by which exosomes’ therapeutic effect can be amplified, and helps explain why 

stem cell derived exosomes have persisting benefits after treatment.

4. Exosomes in other Disease States

Outside of the therapeutic focus on exosomes, there is mounting evidence that exosomes 

from tumors can alter the microenvironment to promote tumor growth and malignancy. In 
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some of the very first work on exosomes and disease, Skog found that glioblastoma 

exosomes were carrying active RNA and proangiogenic proteins [4]. Uptake of glioblastoma 

exosomes altered the phenotype of the recipient normal neural cell to a more cancerous 

phenotype. When added to a glioma cell line, glioblastoma exosomes also significantly 

stimulated cellular proliferation [4]. Uptake of glioblastoma exosomes promoted a pro-

angiogenic phenotype in normal brain endothelial cells [4]. Exosomes from melanoma cells 

cause a similar increase in angiogenic signals [95, 96]. In addition to glioblastoma, 

exosomes from other solid tissue cancers also have the ability to promote cancerous growth 

and metastases [97–99]. Prostate cancer derived exosomes traffic oncogenic proteins and 

miRNAs to induce neoplastic transformation of adipose-derived stem cells [100]. Likewise 

breast cancer cell-derived exosomes contained RISC-associated pre-miRNAs that altered the 

transcriptome and promoted tumorigenesis in endothelial cells [101]. In other work, tumor-

derived exosomes transferred multi-drug resistance associated proteins and miRNAs, which 

in vivo would increase resistance to chemotherapy [102]. Exosomes contribute to drug efflux 

by exporting drugs from tumor cells [103]; in addition, they may interfere with therapeutic 

antibodies, as the epitopes on the exosomes can bind the therapeutic antibody [104, 105]. 

Exosomes have also been identified as a method of cell-to-cell transmission in certain 

neurogenerative diseases [106] and prion diseases [107].

4.1 Exosomes in the Immune Responses

Immune cell derived exosomes have been shown to aid in antigen presentation and immune 

cell regulation. B-cell and dendritic cell exosomes display functional MHC-I and II. 

Exosomes secreted by mature dendritic cells can transfer MHC-I protein complexes to 

neighboring dendritic cells to amplify the immune response and prime T lymphocytes 

[44,45]. However exosomes from immature dendritic cells can have an immunosuppressive 

effect. A combination of rapamycin and immature dendritic cell-derived exosomes was 

found to induce tolerance of cardiac allograft in mice [108]. Furthermore, in rats donor-

derived exosomes combined with short-term treatment by an immunosuppressive agent 

induced donor-specific cardiac allograft tolerance and a significant delay in rejection [109]. 

Thus, exosomes modulate the immune response, which has the potential to be applied 

therapeutically.

5. Exosomes As Biomarkers

Exosomes are found in almost all bodily fluids including blood, urine and saliva, making 

them readily available for investigation [110–114]. While exosomes are often initially 

identified by their size profile, there are a number of proteins commonly enriched in 

exosomes to distinguish them from the overlapping extracellular vesicles (Table 1). These 

proteins include tetraspanins, such as CD63 and CD81, as well as heat shock proteins, 

including heat shock cognate 70 (HSC70) and heat shock protein 90 (HSP90). While these 

may be common markers, one important aspect of exosomes is that their internal cargo 

differs depending on the cell type of origin and the stimulus for exosome production [52, 

115]. Along with their complement of proteins, exosome populations are enriched with 

certain nucleic acids [4, 42, 116]. Analysis of exosome miRNA showed that certain motifs 

were over represented, and sumoylated heterogeneous nuclear ribonucleoproteins (hnRNPs) 

Poe and Knowlton Page 10

J Mol Cell Cardiol. Author manuscript; available in PMC 2018 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



recognized these 3′ motifs to control loading of miRNA into exosomes [117]. While 

miRNA are likely to have the greatest impact on recipient cells, exosomes carry a range of 

other RNA species. Sequencing of the RNA content of circulating exosomes found 

significant amounts of mRNA, tRNA, rRNA as well as lesser amounts of piRNA and 

snoRNA [118, 119].

5.1 Exosomes as Biomarkers and Prognostic Markers in Cardiovascular Disease

As exosomal content appears to be selectively packaged with protein and nucleotides that 

reflect the source cell’s status, this makes it possible to use exosomes as biomarkers for 

pathophysiological conditions. Cardiovascular disease is the number one cause of death in 

the United States. Those that survive an acute coronary syndrome (ACS) are then at an 

increased risk of future cardiovascular events. The standard biomarker for an ACS diagnosis 

is an elevated level of high sensitivity cardiac troponin in circulation. Initial studies found 

increased levels of miR-1,-499, and -21 in the plasma of ACS patients with negative 

troponin levels or with symptom onset less than 3 hours, and had increased diagnostic value 

when combined with troponin levels[120]; however, the use of circulating miRNA 

biomarkers is bottlenecked by the time required for their quantification by qPCR. Analysis 

of patients with stable coronary artery disease found that an increase in miRNA-126 and 

miRNA-199a in circulating microvesicles was associated with a reduced risk for future 

major adverse cardiovascular events [121]. Serum collected 2 to 3 weeks after acute 

myocardial infarction had increased p-53 responsive miRNAs (miR-194, miR34a), 

predominantly in exosomes; patients with these increased miRNA levels were more likely to 

later develop ischemic heart failure [122]. This analysis was done on serum samples frozen 

for over a year and then thawed, which can potentially rupture lipid vesicles, so we cannot 

be certain that the miRNA was within exosomes; nonetheless, the findings are important 

with regard to early identification of patients likely to develop heart failure and also possible 

contributing mechanisms. Exosomes isolated from the plasma of patients with carotid 

atherosclerosis contained exosomes that were enriched in Galectin-3 relative to control 

patients; furthermore, Galectin-3 concentrations above the median in patients with 

peripheral artery disease were associated with an increased risk of cardiovascular mortality 

[123]. While more investigation is necessary, analysis of the content of peripheral blood 

exosomes provides a potentially promising assay for predicting the course of disease and the 

risk of developing heart failure.

6. Future Directions

Exosomes show great promise for providing new insights into the pathophysiology of 

signaling in cardiovascular disease progression, as well as for application in diagnosis and 

therapeutics. As mechanisms of exosome packaging are better understood, it has become 

possible to effectively engineer exosomes from cells for therapeutic purposes. There are 

currently phase I trials using autologous dendritic cell-derived exosomes that have been 

loaded with tumor antigens in the hopes of eliciting an immune response to inhibit tumor 

growth[124, 125]. There is also the possibility of creating artificial exosomes in which 

synthetic liposomes are combined with natural exosome components to act as delivery 

mechanisms for therapeutics [126].
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Exosomes are an important component of stem cell paracrine signaling and are a focal point 

of stem cell-based therapies. Although stem cells fail to implant and regenerate damaged 

heart tissue, as originally hoped, they may be effective as factories for the production of cell-

free therapeutic treatments, including the emergency treatment of acute MI. Already it has 

been reported that modification of CD34+ stem cells with angiogenic sonic hedgehog 

(SHH), which is packaged in exosomes, increases their therapeutic potential[127]. MSCs 

overexpressing GATA4 have been shown to deliver anti-apoptotic miRNAs and promote 

cardiac functional recovery [128]. Thus, genetically modified stem cells could be used to 

generate therapeutic exosomes.

Key hurdles remain in the investigation of exosomes. Researchers need to agree upon 

standards for exosomes isolation and analysis, as the differing methods may have effects on 

downstream applications [49]. Moreover the selection of extracellular vesicles that are 

isolated can ‘muddy the waters’ if there isn’t a strict definition kept between each 

extracellular vesicle sub-population (size, protein markers). Shedding vesicles have a wide 

size range (20–1000 nM) and overlap with many different vesicle types. The more general 

isolation methods such as precipitation will pull down contaminating proteins, including 

albumin and gamma globulins, and particles, such as apoptotic bodies with exosomes, while 

increased specificity could limit the population of exosomes that is analyzed. Many of the 

proteins commonly used to characterize exosomes are not exosome-specific but rather those 

that are commonly seen to be enriched in exosome isolations; thus, multiple markers should 

be identified with their relative proportion, or enrichment compared to their source cells 

[129]. Furthermore, when studying the functional activity of exosomes, stringent negative 

controls should be put in place to remove background interference [129]. Optimization and 

standardization will allow for effective definition of exosomes in research and clinical use 

and progress in the field.

The use of exosomes as biomarkers is still in the early stages of study, but holds promise. 

Exosome profiles for different disease states such as myocardial injury and tumor growth 

still need further investigation to establish them as effective diagnostic tools; with circulating 

miRNAs being the leading candidate. Databases such as ExoCarta (www.exocarta.org), 

Vesiclepedia (www.microvesicles.org), and EVpedia (www.evpedia.info) are repositories for 

thousands of proteins, mRNAs, and miRNAs that have been identified in exosomes from 

different species and tissues by different labs. Their effectiveness as early diagnostic markers 

would need to be compared to the standard clinical biomarkers, and speed of generating 

results and cost would be key factors as to whether they can be applied in the clinical setting.

Exosome biology holds great promise in understanding a novel method of intercellular 

signaling in both disease progression and therapeutic treatment. Exosomes from damaged 

cardiac cells, as well as tumors, can have deleterious effects on the surrounding tissue by the 

transfer of functional proteins and RNA. On the other hand, exosomes are part of effective 

therapeutic paracrine signaling responsible for the benefits of stem cell treatments. Exosome 

treatments show great benefits in therapeutic treatment of cardiomyopathy. However, the 

field is still developing and requires further study and stringent guidelines to ensure proper 

understanding of the effects mediated by exosomes. Overcoming these issues will allow for 

greater control of exosome production and signaling, hopefully leading to breakthroughs in 
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treatment. Future studies will continue to drive forward in developing exosome therapeutics 

for the treatment of heart disease as well as other diseases.
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Highlights

• Exosomes transfer active nucleic acids and proteins between cells and can 

alter cellular phenotypes

• Therapeutic benefits of stem cells in cardiac treatment mediated by exosomes

• Exosomes are promising as prognostic markers in cardiovascular disease

• Exosomes can be potentially manipulated to deliver targeted cargo to cells
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Figure 1. 
A) Overview of exosome production. Invagination of the multivesicular body (MVB) forms 

intraluminal vesicles (ILVs). The MVB can either fuse with the lysosome for degradation or 

fuse with the cell membrane to release the ILVs as exosomes. B) Particle sizing of exosomes 

from rat cardiac myocytes treated with brief hypoxia/reoxygenation. Exosomes in solution 

have a peak hydrodynamic radius in the 100nm range. C) Electron micrograph of exosomes 

isolated from rat plasma, bar is 100nm.
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Figure 2. 
A) ESCRT-0 binds ubiquitinated cargo and localizes to the MVB membrane. B) 

Subsequently ESCRT-I and ESCRT-II are recruited to the limiting endosomal membrane. 

The ends of ESCRT-II are then able to recruit and activate the ESCRT-III machinery. C) 

Activation of ESCRT-III causes budding of the vesicle into the endosome lumen. The 

ATPase vacuolar protein sorting-associated protein 4 (Vps4) is needed to provide energy to 

allow for disassembly and recycling of the ESCRT machinery. In a non-ESCRT related 

pathway, nSMase2 produces ceramide at the endosomal membrane, which results in 

membrane curvature and ILV budding.
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Table 1

Shedding Vesicle Characteristics

Particle Size (nm) Source Common markers

Exosome 30–100 Internal budding of multivesicular bodies; released by fusion of 
MVB with cell membrane

Tetraspanins (CD63, CD81, CD9)
TGS 101
Alix
HSP 70

Shedding Microvesicle 100–1000 Budding from cellular membrane CD40
Selectin
Intergrin

Apoptotic body 1000–5000 Blebbing from apoptotic cell membrane Fragmented DNA
Annexin V
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Table 2

Exosome Isolation Methods

Method Process Pro Con

Differential Centrifugation Centrifugation steps to remove 
contaminants (500–10,000xg); followed 
by pelleting of exosomes (100,000xg)
Further processing by sucrose density 
gradient

Clearance of 
contaminating debris and 
large vesicles
Effectively pellets 
exosomes from media

Labor intensive
Non-specific, heterogenous 
vesicle population
Varying pelleting efficiency 
(k-factor) between protocols

Precipitation (e.g. ExoQuick) Reagent mixed with exosome containing 
media or serum; forces vesicles out of 
solution to be pelleted by low speed 
centrifugation

Quick, only basic 
equipment needed

Non-specific, increased 
contamination from lipid/
protein/debris
Reagent may interfere in 
downstream protocols

Size Exclusion Chromatography Serum or media added to column 
containing size exclusion beads;
Exosomes collected in early flow throw.
Pelleted by ultracentrifugation

Removes contaminating 
protein and small 
molecules
Directly apply biological 
fluid samples

Labor intensive
May require secondary 
isolation method

Affinity Capture Pull down of exosomes using antibodies 
that identify specific surface markers

Specific, removes 
unwanted protein and 
other vesicles

Requires previous analysis for 
surface maker
Selection bias from total 
population
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Table 3

Summary of Cardiac Exosome Functions

Cell Type Model Content Results

Cardiac Progenitor Cells Human miR-210, 132, 146a, 
181[70]

Inhibit apoptosis
Promote angiogenesis [70]

Hypoxia Rat CPC Upregulated miR- 292, 
210,103, 17, 199a, 
20a, 15b[71]

Decreased fibrosis
Increased angiogenesis [71]

Cardiac Myocytes Type 2 Diabetic Rat 
Model

Enriched in miR- 320 
[80]

Diabetic cardiac myocyte derived exosomes inhibited 
cardiac endothelial cell proliferation [80]

Cardiac pressure 
overload in Mice

AT1R [43] Functional transfer of AT1R to endothelial and smooth 
muscle cells
Confer blood pressure responsiveness to Angiotensin II 
[43]

Cardiac Fibroblast Mouse miR-21* [34] Cardiac myocyte hypertrophy [34]

Cardiosphere Derived Cells Human Highly enriched in 
miR-146a [88]

Pro angiogenic
In vivo injection in mouse MI model [88]

• Increased viable Mass

• Lower Inflammation

In vivo injection in pig MI model [91]

• Decreased fibrosis

• Decreased Hypertrophy

• Improved LVEF
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Table 4

Summary of Therapeutic Exosome Studies

Cells/Treatment Model Result

Mesenchymal Stem Cells Mouse Ischemia-Reperfusion Elevated bioenergetics
Decreased oxidative stress
Decreased inflammation [83, 84]

CD34+ stem cells Treatment of HUVECs Increased tubule formation [87]

In vivo implantation in mouse cornea Induced endothelial vessel growth [87]

Embryonic Stem Cells Mouse AMI Increase survival of resident CPCs
Enhanced neovascularization
Cardiac myocyte survival
Reduced fibrosis [85]

Cardiosphere Derived Cells Mouse MI Decreased scar mass
Increased viable mass
Lower pro-inflammatory cytokines [88]

Pig MI Decreased infarct size Improved LVEF
Decreased fibrosis and hypertrophy [91]

Remote Ischemic Conditioning Rat MI Increased ejection fraction
Lesser LV remodeling [64, 65]
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