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of the protein. Many oncogenic proteins have been found to be 
expressed in exosomes, for example, HER2 in breast cancer 
cell lines.66 Soderberg et al showed that exosomes from mela-
noma cells carry TNF, as well as TNF receptors 1 and 2, that 
are effectively delivered to other cell types.67

Stem Cell Exosomes: A Paradigm Shift in 
Regenerative Biology

As reviewed earlier, a large number of cell types release exo-
somes in response to both cell intrinsic and extrinsic changes. 
Cell therapy has tremendous promise for tissue regeneration 
but has been marred by issues prompting the idea whether 
exosomes from stem cells hold regenerative power and, at the 
same circumvent, limitations associated with direct transfer of 
stem cells. Some of the recent findings and concepts in the area 
of stem cell exosomes are summarized in the sections later.

Pluripotent Stem Cell Exosomes
Over the years, pluripotent stem cells, including both embry-
onic stem cells (ESC) and the more recently discovered in-
duced pluripotent stem cells (iPSCs), have been proclaimed to 
be cells with the highest regenerative potential. Nevertheless, 
pluripotent stem cell research carries various ethical concerns 
compounded with reports of tumor formation after in vivo 
administration in various disease models. Exosomes coming 
from such cells may exhibit similar power of regeneration but 
whether adverse effects related to their parent stem cells are 
inherited by the exosomes must be carefully ascertained.

Embryonic Stem Cell Exosomes
ESCs represent one of the most regenerative stem cell types 
available; yet, their use remains controversial because of lack of 
donors, ethical concerns, and tumor formation. ESCs efficiently 
convert into cardiomyocytes; however, the differentiated car-
diomyocytes represent more a neonatal phenotype than func-
tional adult cardiomyocytes. Cell-free components, including 
microvesicles and exosomes, derived from ESCs may provide 
an interesting alternative to harness the salutary effects of ESCs 
and at the same time circumvent concerns associated with ESC 
research. Early evidence suggesting that ESC beneficial ef-
fects extend beyond directed differentiation came from studies 
showing that mature somatic cell undergo epigenetic changes, 
promoting cellular reprogramming when cocultured with ESCs 
or their extracts.68,69 More recently, ESC-derived microvesicles 
were used to enhance survival and expansion of hematopoietic 
progenitor cells with consequent elevation in expression of plu-
ripotent (Oct-4, Nanog, Rex-1), stem cell markers (Scl, HoxB4, 
GATA-2), and phosphorylation of MAPKp42/44 and AKT.30 
Proposed mechanism for the observed results was governed 
by delivery of mRNAs specific to pluripotent transcription fac-
tors, and the effect was abrogated by heat inactivation of the 
ESC-derived microvesicles. Similarly, skin fibroblasts undergo 
rapid proliferation when treated with ESC-derived nanovesicles 
as evidenced by increased bromodeoxyuridine (BrdU) levels 
and protein levels of proliferating cell nuclear antigen (PCNA) 
and Ki67.70 Induction of pluripotency and dedifferentiation in 
Muller cells of retina treated with ESC microvesicles has been 
established via transfer of mRNA transcripts (Oct-4, Sox-2) 
and miR-290 cluster, an ESC-specific miRNA.71 Detailed 

proteomic profiling of human ESC microvesicles revealed ac-
cumulation of proteins characteristic of invasive cancers but 
involved in cellular activation, metastasis, and inhibition of 
apoptosis, as well as proteins displaying immunogenic proper-
ties.31 Interestingly, ESC-specific miRNAs packed within ESC 
microvesicles are efficiently delivered to target cells opening 
up a host of possibilities to study downstream molecular sig-
naling processes.31,71 Because ESC possess a powerful potential 
for organ repair coupled with reports showing that ESC-derived 
exosome recapitulate effect of the cell themselves, we think that 
ESC exosome represent an interesting therapeutic modality for 
organ repair (Figure 1), circumventing several issues related to 
pluripotent cell research.

Induced Pluripotent Cell–Derived Exosomes
The discovery of iPSCs by Yamanaka et al has revolution-
ized regenerative medicine by providing means to understand 
disease progression and develop targeted therapies. Although 
iPSCs represent a valuable cell type to study disease progres-
sion, their use for organ regeneration suffers mainly because 
of incomplete transformation of the reprogrammed cells into 
mature adult cell phenotypes. Furthermore, adoptive transfer 
of iPSCs bears similar burden of compromised survival, pro-
liferation, and cardiac commitment as observed with other 
stem cell types. In this respect, cell-free components derived 
from iPSCs provide an interesting alternative for cardiac re-
generative medicine and may extend their benefits via similar 
mechanism as discussed earlier for ESC exosomes. Few stud-
ies have been conducted to date using iPSC-derived exosome; 
however, in the ischemic kidney model, therapeutic value of 
exosomes derived from renal pluripotent stem cells was as-
sessed.72 The authors observed significant protection and im-
proved survival against nephrotoxicity, leading to enhanced 
kidney function in animals administered with renal pluripo-
tent stem cells exosomes.

Adult Stem and Progenitor Cell Exosomes
Accumulating evidence over the years has suggested a criti-
cal role for stem cell secretome in extending the beneficial 

Figure 1. Pluripotent stem cell exosomes. Exosome derived 
from pluripotent stem cell, including embryonic (ESC) and 
induced pluripotent stem cells (iPS) modulate cellular signaling 
pathways, deliver epigenetic factors, and promote survival, 
proliferation, and angiogenesis, thereby increasing endogenous 
tissue repair response to injury.
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effect of various cell therapy treatments for repair of injured 
heart tissue. Stem cell clinical trials recently show continued 
improvement in cardiac function, yet follow up studies hinted 
toward early loss of adoptively transferred cells.73,74 This ap-
parent ambiguity suggests an additional mechanism at play, 
and a developing consensus points to the ability of the trans-
planted cells to secrete beneficial factors at the site of injury 
that galvanize and protect existing cardiac cells, thereby re-
sulting in sustained improvement in cardiac function.

Mesenchymal Stromal Cell Exosomes
Over the years, MSCs have proved to be an attractive source 
for cell-based therapeutic modalities because of their relative 
ease in procurement and multilineage differentiation poten-
tial. Earlier studies suggested MSCs to be highly plastic giving 
rise to a variety of cell types specific to different organs in the 
body75,76; however, the idea was challenged shortly thereafter 
with contradictory reports regarding MSC transdifferentiation 
capacity.77,78 Alternatively, the regenerative potential of the cells 
was proposed to be largely based on the ability to secrete ben-
eficial factors at the site of injury.25 Characterization of the MSC 
secretome has revealed a complex myriad of different cyto-
kines, growth factors, inflammatory molecules, components of 
the extracellular matrix, and proteases. Recently, extracellular 
vesicles have been identified in the conditioned MSC medium, 
and initial evidence regarding their therapeutic value came from 
a study in myocardial ischemic model79 that laid the founda-
tion for application in several other disease models. MSC exo-
somes demonstrate typical exosomal characteristic and express 
cell surface markers, such as CD9, CD81, CD29, CD44, and 
CD73.80 Analysis of protein content revealed 379, 432, and 420 
unique proteins81 pointing toward variability in protein packag-
ing, possibly reflecting the physiological cell state. Many sig-
naling molecules related to MSC self-renewal, differentiation, 
and signaling pathways, such as Wnt (ras-related C3 botulinum 
toxin substrate 1 [RAC1], protein kinase C beta [PRKCB], 
serine/threonine protein phosphatase 2A [PPP2R1A]), TGF-β 
(collagen type 1, alpha 2 [COL1A2], cluster of differentiation 
105 [CD105], endoglin [ENG]), and MAPK (filamin A [FLNA], 
heat shock protein-8 [HSPA8], epidermal growth factor recep-
tor [EGFR]) were found to be enriched in MSC exosomes, 
potentially affecting a diverse range of cellular processes, in-
cluding cell cycle, proliferation, cell adhesion, cell migration, 
and cell morphogenesis. Similarly, miRNAs are known to shut-
tle within MSC exosomes but mostly in precursor form, driving 
downstream signaling pathways. Additionally, MSC exosomes 
possess immunologic properties, including secretion of anti-
inflammatory cytokines, such as interleukin-10, TGF-β, and 
promoting inhibition of lymphocyte proliferation.82 Moreover, 
MSC-derived exosomes have been tested in graft versus host 
disease and induce M2-like phenotype in monocytes.83 In tumor 
biology, MSC exosomes enriched in tumor-potentiating factors 
have been shown to mediate pro84 and antitumorigenic effects,85 
promoting incidence and growth of malignant cells lines and 
thereby influencing tumor progression. In contrast, miR-16 
present in MSC exosomes blocked VEGF suppressing angio-
genesis and tumor development.85

MSC exosomes have been extensively used for the treat-
ment of various neurological diseases. In a rat model of 

cerebral artery occlusion, MSC exosomes were shown to 
communicate with brain parenchymal cells and transfer miR-
133b, leading to changes in gene expression supporting neurite 
outgrowth and functional tissue recovery.86 In another study, 
the authors showed that delivery of MSC-derived exosomes 
led to improved neurological outcome and neurovascular re-
modeling.87 Recently, it has been found that adipose-derived 
MSC secrete neprilysin, an important enzyme involved in 
degradation of β-amyloid peptides that are characteristic of 
Alzheimer’s disease.88

Endothelial Progenitor Cell Exosomes
EPCs reside primarily in the bone marrow and possess abil-
ity to instigate proangiogenic responses. In clinical settings, a 
subset of EPCs expressing CD34 has been used for treatment 
of various ischemic disorders. Although the overall physi-
ological impact of EPC administration has been periodically 
validated, there is still not much evidence connecting struc-
tural changes observed in the heart after EPC delivery as the 
reason behind functional gains. As is the case with other stem 
cell types discussed earlier, a large part of the benefits associ-
ated with EPC administration rest in their ability to secrete 
various paracrine mediators. This observation has led to the 
belief that paracrine signaling may have a much broader role 
to play in extending the benefits of EPCs therapy. In this re-
gard, studies performed on the CD34+ cells from the bone 
marrow secrete exosomes that possess angiogenic characteris-
tics, enhance tube formation of endothelial cells, and increase 
neovascularization in vivo.27 Further analysis revealed enrich-
ment of several proangiogenic miRs (miR-126 and 130a) in 
CD34+ cell–derived exosomes. Microvesicles derived from 
human EPCs carry several markers similar to receptors ex-
pressed on EPC membrane, such as intracellular adhesion mo-
lecular-1, α4-integrin, CD44, and CD29 (β1-integrin),89 and 
induce proliferation, survival, angiogenesis as a consequence 
of horizontal mRNA transfer of genes, including B-cell lym-
phoma-extra large (BCL-XL), cofilin1 (CFL1), catenin beta 
1 (CTNNB1), endothelial differentiation-related factor 1 
(EDF1), mitogen-activated protein kinase-activated protein 
kinase 2 (MAPKAPK2), protein tyrosin phosphatase recep-
tor type T (PTPRT), endothelial nitric oxide synthase (eNOS).

In various disease models, EPC microvesicles were shown 
to enhance expression of angiogenic miRs (miR-126 and 296) 
and promote neovascularization of pancreatic islet cells90 and 
in the ischemic hindlimb.91 Hypoxia/reoxygenation injury in 
brain microvascular endothelial cells alters exosomal levels 
of RNAs associated with ROS and PI3K/eNOS/NO path-
way, leading to corresponding effects on cell survival and 
death,92 thereby suggesting the impact of physiological cell 
state on packaging of exosomal content. Similarly, endothe-
lial cell exosomes carrying miR-214 stimulated angiogen-
esis and prevented senescence in a disease model for ataxia 
telangiectasia.93

Exosomes for Cardiac Repair
The heart is generally considered to be a nonsecretory or-
gan but has the ability to release cytokines, growth factors, 
and proinflammatory molecules under various stress condi-
tions. Many studies conducted recently provide evidence that 
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cardiomyocytes, fibroblasts, and endothelial cells are all ca-
pable of communicating with their neighboring cells via re-
lease of extracellular factors.94 Understanding the role played 
by these factors, including small microvesicles and exosomes, 
may provide important clues toward regulation of pathologi-
cal stimuli within the cardiac tissue. This section reviews cur-
rent research effort devoted toward characterizing the role of 
cardiac-derived stem cell on cardiac repair and the effect of 
exosome release by cardiomyocytes, fibroblasts, and endothe-
lial cells on intracardiac communication, including ability to 
affect various cellular processes.

Cardiac Progenitor Cell Exosomes
Discovery of CPCs within the heart regulating cardiac ho-
meostasis and repair has brought a paradigm shift in cardiac 
regenerative medicine. CPCs possess ability to form all 3 car-
diac lineages,20 and their adoptive transfer leads to significant 
augmentation of cardiac function in animal models of heart 
failure.95 Two recently concluded clinical trials using CPCs 
demonstrated efficacy of the cells in clinical settings and for 
treatment of patients with heart failure.16,17 CPC transdiffer-
entiation into cardiac cells represents the most likely expla-
nation for their beneficial effect, and additional mechanisms, 
such as secretion of paracrine factors cannot be ruled out. This 
notion is further strengthened by findings that show CPCs-
conditioned medium protects cardiomyocytes against stress 
parallel with induction of tube formation in endothelial cells.96 
Subsequently, rat c-kit+ CSCs demonstrated improved cardiac 
function with reduction in scar size, yet no cells were found 
in the heart.24 In contrast, there was increase in the number of 
cardiomyocytes, blood vessels, and endothelial cells, pointing 
toward the paracrine ability of the transplanted cells. Similar 
data has emerged from the recently conducted CADUCEUS 
clinical trial that showed persistent increase in cardiac func-
tion after CPC transfer, yet the donated cells have been hard 
to detect, pointing toward indirect mechanisms as most prob-
able cause for the observed functional increment.16,97 Keeping 
this in view, the next set of studies focused on the analysis of 
CPC secretome. High levels of numerous cytokines, including 
chemokines (TCA-3, SDF-1, 6Ckine), vascular growth factors 
(VEGF, erythropoietin, bFGF, osteopontin, SCF), and cardiac 
differentiation factors (Activin A, Dkk homolog-1, TGF-β) 
that could potentially be involved in mediating CPC salutary 
effects were all found to be enriched within CPC-derived con-
ditioned medium and microvesicles.98 CSC-derived paracrine 
factors, such as angiotensin-1, basic fibroblast growth factor 
(bFGF), HGF, IGF-1, platelet-derived growth factor (PDGF), 
stem cell factor (SCF), SDF-1, and VEGF are known to pos-
sess cardioprotective properties and are able to promote neo-
vascularization and recruitment.99 Growing evidence indicates 
CPCs possess a distinct ability to secrete paracrine factors but 
contrary findings support transdifferentiation ability of CPCs. 
Therefore, to delineate the specific contribution of direct re-
generation versus paracrine effects, a detailed comparative 
analysis of transplanted human CDCs was done by Chimenti 
et al.99 CDCs produce several cytokines and growth factors, 
including high levels of VEGF, HGF, and IGF-1. Based on the 
findings, authors concluded that beneficial effect of CDCs on 
cardiac function was in large because of their ability to release 

growth factors and cytokines at the site of injury that possibly 
activates endogenous cardiac repair mechanisms.

Extracellular vesicles including exosomes have emerged 
recently as the key component within the stem cell secretome. 
CPC’s ability to secrete exosomes was validated in the study 
by Chen et al in a mouse model of myocardial ischemia/re-
perfusion (I/R) injury. Authors showed that CPC-derived 
exosomes enriched in miR-451/144 exerted significant car-
dioprotective effects by promoting H9c2 survival in vitro and 
cardiomyocyte in vivo,100 whereas cardiomyocyte progenitor 
cell–derived exosomes possess ability to enhance endothelial 
cell migration via extracellular matrix metalloproteinase in-
ducer (EMMPRIN), a membrane-bound matrix metallopro-
teinase activator.38 In another study, Barile et al reported that 
extracellular vesicles from human cardiac progenitors exhibit 
cardioprotective properties.96 miRNA analysis of extracellu-
lar vesicles derived from CPCs indicated high levels of miR-
210, miR-132, and miR-146a-3p mediating antiapoptotic and 
proangiogeneic properties via activation of their downstream 
targets, such as ephrin A3, PTP1b, and RasGaP-p120, ulti-
mately leading to augmented cardiac function after delivery in 
a myocardial infarction model. Physiological stem cell state 
can modulate secretion of paracrine factors, and in particular, 
normoxic conditions have been associated with reduced stem 
cell repair capability. Because hypoxic preconditioning can 
enhance CPC therapy, whether there is a similar effect on exo-
some secretion was the focus of a separate study that aimed to 
characterize the effect of hypoxia on CPC exosomes. Authors 
show that CPC exosomes released under normoxic conditions 
possess diminished reparative potential.101 In contrast, hypoxia 
primes CPCs to produce exosomes laden with several miRs, 
including miR-17, 199a, 210, and 292, and augments exosome 
ability to repair the injured heart. Recently, exosomes were 
proposed to be responsible for mediating the cadioprotective 
effects of gene and cell therapy combinatorial approach.102 Co-
delivery of CPCs with minicircle plasmid carrying HIF1 led to 
increase in survival of the transplanted CPCs and improvement 
of cardiac function. Mechanistic studies revealed targeting of 
minicircle plasmid carrying HIF1 to cardiac endothelial cells, 
promoting exosome release that are subsequently up-taken by 
CPCs. Moreover, these exosome are packed with miR-126 and 
miR-210, and their accumulation in CPC promotes subsequent 
changes in CPC biological properties.

Modulation of Cardiac Repair Response by 
Exosomes

Survival and Neovascularization
Cardiomyocytes are typically not considered to be secretory 
cells but have been known to release cytokines and growth 
factors, such as atrial natriuretic peptide (ANP), brain na-
triuretic peptide (BNP), TGF-β, TNF-α, and microvesicles 
that are sometimes referred as cardiosomes. Characterization 
of cardiac myocyte exosomes revealed enrichment of heat 
shock protein (hsp60), that when released into the extracel-
lular space induces cardiomyocyte apoptosis via activation 
of Toll-like receptors.103,104 Yu et al showed that hypoxic car-
diomyocytes release exosomes loaded with TNF-α that could 
trigger cell death in other cardiomyocytes.105 Nevertheless, 
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exosomal content of cardiomyocytes is highly dependent on 
on the physical environment and the type of stimulus.106 Giricz 
et al and other researcher have shown that ischemic precon-
ditioned hearts promotes exosome release and help spread 
cardioprotective signals within the myocardium.107,108 On the 
contrary, fibroblast secretome carries many adverse effects on 
cardiomyocytes. Co-culture of fibroblasts with cardiomyo-
cytes or just treatment with fibroblast-conditioned medium led 
to development of cardiomyocyte hypertrophy.109,110 In anoth-
er study, changes in cardiomyocyte cell size were attributed to 
exosomal transfer of miR-21*, a passenger strand star miRNA 
that normally undergoes intracellular degradation, released by 
cardiac fibroblast in response to hypertrophic insult.111

Exosomes from adoptively transferred stem cells have also 
been implicated to extend prosurvival effects onto the heart. 
Wang et al demonstrated a cardioprotective role for iPS-de-
rived exosome facilitated via transfer of miR-21 and miR-210, 
promoting cardiomyocyte survival in response to injury.112 
Authors showed that iPS-exo protect H9C2 cells against H

2
O

2
-

induced oxidative stress by inhibiting caspase 3/7 activation. 
Furthermore, iPS-exo treatment in vivo resulted in significant 
reduction of TUNEL+/cardiac troponin I+ apoptotic cardio-
myocytes 24 hours after I/R injury compared with the control 
group. In one study, human ESC-derived mesenchymal stem 
cells were shown to release exosomes, and their delivery into 
ischemic heart resulted in significant reduction of infarct size.79 
Arslan et al demonstrated the therapeutic efficacy of MSC exo-
somes in a myocardial I/R model with infarct size reduced by 
45% and significant improvement in cardiomyocyte surviv-
al.113 Similarly, CPC-derived exosomes promoted endothelial 
cell migration parallel with 53% reduction in cardiomyocyte 
apoptosis in a mouse model for acute I/R.38 Recently, it was 
shown that ischemic preconditioning of MSCs enhanced levels 
of miR-21, miR-22, miR-199a-3p, miR-210, and miR-24 in 
exosomes released by the cells, and administration of MSC–
ischemic preconditioning exosomes resulted in reduction of 
cardiac fibrosis and apoptosis compared with the hearts treated 
with control exosomes.114 Importantly, the antiapoptotic ef-
fect of MSC exosomes was tied to miR-21–mediated targeting 
of methyl CpG–binding protein 2.114 Genetic modification of 
MSC with GATA-4 proved to be a novel strategy to increase 
exosome efficacy for cardiac repair and was associated with 
increased cardiomyocyte survival, reduced apoptosis, and 
enhanced cardiac contractile function in mice subjected to 
myocardial infarction.115 This antiapoptotic effect of GATA-4 
MSC exosomes was attributed to enrichment of miR-19a that 
targets phosphatase and tensin homologue (PTEN), leading to 
activation and AKT and ERK signaling pathways. In contrast, 
extracellular vesicles comprising of both microvesicles and 
exosomes derived from MSC were shown to promote neoan-
giogenesis and preserve cardiac performance in a mouse model 
for myocardial infarction.116 Other stem cell–derived exosomes, 
such as EPC exosomes, possess the ability to modulate cardio-
myocyte survival and confer protection against angiotensin II-
induced hypertrophy by activating PI3K/Akt/eNOS pathways 
via RNA enriched within the exosomes.117 Similarly, genetic 
manipulation of CD34+ cells with sonic hedgehog not only led 
to increased ability of the cells to enhance cardiac function 

after myocardial infarction but interestingly, sonic hedgehog 
overexpressing CD34 cells were able to produce exosomes 
loaded with sonic hedgehog protein and was delivered to vari-
ous cardiac cells providing mechanistic basis for the increased 
cardiac function.118 Recently, the cardioprotective ability of 
exosome was assessed in samples from rats and human health 
volunteers.119 Authors demonstrated that exosomes can deliver 
endogenous cardioprotective signals to the heart activating 
toll-like receptor–mediated Hsp70–dependent mechanism in 
cardiomyocytes promoting their survival against I/R injury.

Proliferation and Cell Cycle Progression
The renowned cardiomyocyte incapacity to replicate has 
prompted researchers over the years to devise therapies that 
not only enhance other features of the cardiac regenerative 
machinery but also have additional effects on reactivating cell 
division in sparred cardiomyocyte after injury. Recently, exo-
somes in the heart have been proposed as one of the mecha-
nisms responsible for regulating cell cycle and proliferation 
in the target cells. In a model for diabetic cardiomyopathy, 
Wang et al showed that coculture of diabetic cardiomyocytes 
with endothelial cells (EC) significantly inhibited EC prolif-
eration and migration compared with coculture with normal 
cardiomyocytes.120 Further analysis revealed that diabetic 
cardiomyocytes release exosomes packaged with miR-320 as 
well as low levels of miR-216 and Hsp20 proteins. In par-
ticular, transfer of miR-320 to endothelial cells leads to down-
regulation of IGF-1, Hsp20, and Ets-2 signaling subsequently 
blunting proliferation. A similar role has been suggested for 
stem cell–derived exosomes in proliferating response of the 
injured heart tissue. Lee et al showed that MSC-derived exo-
somes have the ability to inhibit hyper-proliferative signals by 
suppression of STAT-3 phosphorylation in a murine model for 
pulmonary hypertension.121 Recently, CDC exosome admin-
istration in the heart after myocardial infarction resulted in 
reduction of cardiomyocyte apoptosis in conjunction with car-
diomyocyte proliferation and increased angiogenesis.122 The 
salutary effects of CDC exosomes were linked with miR-146a 
that was enriched within the exosomes and recapitulated the 
effects observed with exosomes delivery in the heart.

Our work with ESC-derived exosomes has revealed a 
unique ability of the exosomes to instigate a cardiac prolifera-
tive response.123 ESCs have the ability to produce exosomes 
≈40 nm in size, display exosomal protein flotillin-1, and are 
enriched in pluripotent mRNA transcripts (Oct-4, Sox-2, 
Nanog) and interestingly the miRNA-290 cluster. ESC exo-
somes were able to promote survival in response to oxida-
tive stress and enhance tube formation ability in different cell 
types via transfer of the exosomal contents. Intramyocardial 
delivery of ESC exosomes to the heart after myocardial infarc-
tion resulted in significant augmentation of cardiac function 
because of enhanced angiogenesis and activation of the cardi-
ac proliferative response. Furthermore, ES exosome–adminis-
tered hearts showed elevated cardiomyocyte proliferation and 
increase in the number of endogenous c-kit+ CPCs in the heart 
after myocardial infarction. Ex vivo manipulation of CPCs 
with ESC exosomes led to a substantial increase in cellular 
function in vitro and the CPC cardiac repair potential after 
injury in vivo. This proproliferative effect was mediated by 
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transfer of miRs specific to ESCs commonly referred as ESC 
cycle miRNAs. In particular, we demonstrated that miR-294 
present exclusively in the ESC exosomes enhanced CPC cell 
cycle progression and cardiomyocyte histone-3 phosphoryla-
tion in the pathological heart.

Epigenetic Modulation and Cardiac Commitment
Exosomes possess ability to epigenetically modulate target 
cells as shown by the study conducted by Waldenstrom et al.124 
Hybridoma lymphoma 1 (HL-1) cardiomyocyte cell line–de-
rived exosomes were found to be enriched in certain nucleic 
acids (1520 detected mRNAs) able to reprogram fibroblasts 
and activate various signaling networks.

Inflammation and Immune Regulation
Cardiac adaptation to pathological stress is largely dependent 
on remodeling of the cardiac tissue and subsequent activation 
of fibrotic processes. Accumulating evidence suggests an im-
portant role for exosomes in intracardiac communication medi-
ating inflammation, angiogenesis, and cardiomyocyte survival. 
The inflammatory process is a complicated symphony of many 
different cell types, including those that make up the immune 
response. Interestingly, almost all cells of the immune system 
release exosomes that mediate downstream cellular respons-
es.32,33 Recently, it was shown that exosomes from immature 
dendritic cells and regulatory T cells can reduce the risk of car-
diac allograft rejection, suggesting a possible immunosuppres-
sive role for exosomes.125 Similarly, exosomes produced by 
macrophages, T cells, and dendritic cells possess the ability to 
modulate inflammatory processes part of the cardiac immune 
response after myocardial infarction.126 Microvesicles are 
known to increase in peripheral blood during inflammation and 
thrombotic complications that occur during various cardiovas-
cular pathologies.127 Under such conditions, these microvesi-
cles are able to modify inflammatory and immune responses 
by carrying and delivering receptors, adhesion molecules, and 
other mediators of inflammation that can ultimately shift the 
balance of inflammatory process in the heart. Several reports 
indicate that microvesicles are a source of transcription factors 
that initiate coagulation, alter endothelial redox balance, and 
provide phosphatidylserine, thereby promoting thrombosis and 
affecting patients with cardiovascular disease.127

In contrast, several studies provide evidence that para-
crine factors released by adoptively transferred stem cells at 
the site of injury can influence inflammatory and immune cell 
responses.128,129 MSCs have been the most well characterized 
stem cell type for their role in modulating various components 
of cardiac immune response mediated via release of extracel-
lular factors. MSC paracrine factors, including microvesicles, 
increase neutrophil life span via interleukin-6-dependent 
mechanism,129 promote macrophage switch toward M2 anti-
inflammatory phenotype,130 and strongly affect T-cell response 
(Table).128

Limitations and Future Perspectives
Exosome therapy may represent a multifaceted strategy for 
promoting regeneration and repair in the heart after patho-
logical damage (Figure 2). However, recent excitement over 
these powerful cell-free components of stem cells must be 

channeled into meaningful research efforts toward fully un-
derstanding the role of these microvesicles in cardiac biol-
ogy. Recent studies indicate that benefits of cell therapy are in 
large part dependent on transfer of paracrine effectors at the 
site of injury.99,129 Because exosomes form a significant part 
of the secreted stem cell fraction, they represent a potential 
source for cardiac regenerative therapies. Nevertheless, cel-
lular uptake of exosome is quick, resulting in rapid dissemi-
nation of the vesicular contents to the target cells. Therefore, 
an important area for consideration is how long the beneficial 
effects of exosome therapy last in the heart after delivery? 
Because of their short half-life, most of the studies using stem 
cell exosomes implicate exosome administration with activa-
tion of the endogenous cardiac repair response as the main 
reason behind augmented cardiac function after injury.122,123 
Delivery of mRNAs, proteins, and miRNAs to cardiac cells, 
including cardiomyocytes and resident cardiac stem cells, 
may promote their survival, proliferation, and generation, 
yet long-term revival of cardiac repair processes may require 
multiple injections of exosome in the heart. Commonly used 
routes for exosome delivery include direct intramyocardial in-
jection,122,123 increasing cardiac localization and possible a cell 
type–dependent response of cells that receive the exosomes. In 
constrast, systemic administration via intravenous131 infusion 
affords the provision for repeated exosome dosage but may 
carry the risk of off-target effects in other organs besides the 
heart. Similarly, it has been shown that intracoronary transfer 
of stem cells results in migration of the cells across the vessel 
barrier and into the neighboring myocardium,132,133 providing 
the rationale for a similar delivery method for exosomes in 
the future. Optimal exosome-based treatment would warrant 
tailored exosomes designed for specific cell types within an 
organ to minimize adverse effects, but this approach has not 
been tested yet and certainly represents a limitation. Recently, 
it has been shown that systemically delivered exosomes can be 
directed to deliver their content exclusively to the brain,134 lay-
ing down foundation for the development of a similar strategy 
for the heart.

Another area that needs a careful investigation stems from 
the realization that all exosomes, even when derived from a 
defined cellular source, are not created equal, and the consti-
tution of their contents is largely dependent on physiological 
state of the parental cell of origin. It is well-established that 
stem cells obtained from animals and patients with physi-
ological stresses, such as age, diabetes mellitus, and systemic 
inflammation have vastly reduced reparative activity. Because 
a large number of patients with cardiac diseases present these 
symptoms, it is reasonable to predict that stem cell exosomes 
from these patients may similarly have reduced activity or 
may potentially aggravate the negative response by delivering 
altered protein/miR contents to already compromised isch-
emic tissue. Indeed our ongoing studies (unpublished results) 
point toward this possibility. Therefore, careful investigation 
of exosomal biology and function when stem cells are exposed 
to different stress conditions would be required before their 
clinical applications. Another related question that requires at-
tention is to determine whether exosome contents are evenly 
distributed among every exosome produced by the parent 
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Table.   Summary of Stem Cell–Derived Exosomes, Their Contents, and Downstream Effects

Type

Adult Stem Cell Exosome

Content Model Effects

Mesenchymal stromal cells exosomes CD81 Human MSCs Detailed proteomic characterization63,64

CD29

CD44

CD73

CD105

RAC1

PRKCB

PP2R1A

Wnt (RAC1, PRKCB, PPP2R1A)

TGF-B (COL1A2, ENG)

MAPK (FLNA, HSPA8, EGFR)

IL-10, TGF-B Lymphocytes Anti-inflammatory65

M2-like shift in monocytes66

miR-16 Breast cancer cells Tumor progression68

miR-133b, Neprilepsin Brain Neurite outgrowth,70 β-amyloid 
peptides71

miR-21, miR-22, miR-199a-3p, miR-210, 
miR-24

Heart Cardiac fibrosis99 ↓

miR-19a Heart Cardiomyocyte survial100 ↑

Contractile function ↑

STAT-3 phosphorylation Pulmonary hypertension Hyper-proliferation105 ↓

Endothelial Progenitor cells exosomes RNA PI3K/AKT/eNOS Heart Hypertrophy102 ↓

miR-126, miR-130a Heart Neovascularization81 ↑

Sonic hedgehog Heart Survival82 ↑

Neovascularization ↑

ICAM-1 Endothelial cells Angiogensis83 ↑

α4-integrin

CD44

CD29 (β1-integrin)

mRNA (BCL-xL, CFL1, CTNNB1,  
EDF1, MAPKAPK2, PTPRT, eNOS)

miR-126, miR-296 Pancreas Neovascularization84,85 ↑

mRNA (PI3K/eNOS/NO) Brain microvascular endothelial cells Survival86 ↑

miR-214 Ataxia telangiectasia Angiogenesis87 ↑

Cardiac derived stem cells exosomes Chemokines (TCA-3, SDF-1, 6Ckine) Hypoxic preconditioning Recruitment76 ↑

Vascular growth factors (VEGF, 
Erythropoietin, bFGF, osteopontin, SCF)

Migration ↑

Cardiac differentiation factors (Activin A, 
Dkk homolog-1, TGF-β)

Angiogenesis ↑

Antifibrotic ↑

Ang-1, bFGF, HGF, IGF-1, PDGF, SCF, SDF-
1, VEGF

Heart Neovasularization77 ↑

Recruitment ↑

miR-451/144 Heart Survival78 ↑

EMMPRIN Endothelial cells Migration28 ↑

Breakdown of ECM ↑

miR-146a Heart Cardiomyocyte survival106 ↑

Proliferation ↑

Angiogenesis ↑

miR-210, miR-132 Heart Apoptosis ↓ Angiogenesis73 ↑

miR-17, 199a, 210, 292 Hypoxic stimulation Antifibrotic, Angiogenesis80 ↑

ICAM-1 indicates intracellular adhesion molecular; IL, interleukin; and MSC, mesenchymal stromal cells.
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cell type. The content packaging may largely be dependent 
on the physiological state of the cell, leading to differential 
enrichment of various proteins, mRNAs, and miRNAs in the 
exosomes. Moreover, the consequences of having a variable 
payload on cardiac signaling pathways must be thoroughly 
assessed because inconsistency in exosome content may lead 
to off-target effects because of aberrant packaging of proteins 
that the cell deems unnecessary or garbage. Similarly, a large 
number of studies implicate miRNAs delivery as the primary 
mode of action for exosomes. This association was estab-
lished by treating the parent cell with a specific antagomiR, 
consequently, knocking the miR out in the exosome but the 
treatment may alter cellular characteristics. Alternatively, 
cells treated with inhibitors blunting exosome production can 
also lead to reciprocal decrease in the exosome miRs after 
administration.122 In this respect, studies conducted recently 
have proposed methodologies and procedures for efficient in 
vivo imaging and monitoring of extracellular vesicles traffick-
ing.135,136 Therefore, a careful validation of exosomal content 
transfer is required to correlate the observed molecular effects 
to the exosomal cargo.

Because exosomes are distributed and enriched in bodily 
fluids, including blood, plasma, serum, semen, they poten-
tially provide a window of opportunity to serve as biomarkers 
of disease existence or progression, including their distribu-
tion and content before and after stem cell therapy. Indeed, 
it is reported that routine examination of serum from patients 
with different malignant disorders reveals high expression 
of extracellular vesicles that display malignancy-related dis-
orders.133 Similarly, cardiac hypertrophy has been associated 

with release of exosome from the heart that carry functional 
angiotensin II type I receptor.137

Stem cell exosomes carry huge expectations for clinical 
applications in the near future. To date, there has only been 
one study conducted with MSC-derived exosome used for the 
treatment of severe therapy-refractory cutaneous and intestinal 
graft-versus-host disease grade IV.138 Exosome treatment re-
sulted in significant reduction of symptoms laying foundation 
for future studies. Nevertheless, it would be important to as-
sess the safety of stem cell exosome–based therapy in clinical 
settings, including their biodistribution, toxicity, and half-life 
studies. Moreover, careful dose estimation must be performed 
with development of procedures for repeated exosome admin-
istration. To ensure large scale supply of exosomes, producer 
cell can be immortalized by genetic modification or clone 
selection80,139; however, such exosomes must be thoroughly 
characterized before their application.

In summary, stem cell–based therapeutics hold great 
promise for the development of therapy aimed at regenerating 
the damaged myocardium, yet is impeded by several lingering 
concerns. Cell-free exosomes that largely mimic the function-
al effect of the parental stem cell may represent a novel and 
viable strategy that provides the opportunity to deliver stem 
cell blue print to the injured cardiac tissue without the burden 
of whole cell administration. As discussed earlier, large part 
of the benefit associated with cell therapy is mediated by para-
crine effectors, including exosomes, and blunting exosome 
section abrogates the salutary effect of stem cell therapy.122 
Exosomes are physiologically more stable than the cells, 
quickly taken up by the host cells circumventing issues of cell 

Figure 2. Stem cell–derived exosomes for cardiac repair. Exosome derived from different types of stem cells, including embryonic 
stem cells (ESC), induced pluripotent stem cells (iPSCs), mesenchymal stem cells (MSCs), cardiac stem cells (CSCs), and endothelial 
progenitor cells (EPCs) carry and deliver messanger RNAs (mRNAs), microRNAs (miRNAs), and proteins to the damaged heart tissue 
consequently augmenting resident cardiac stem cell activation/expansion, cardiomyocyte proliferation, neovascularization, and 
modulation of cardiac inflammatory response (Illustration credit: Ben Smith).
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survival, proliferation and engraftment, can be developed to 
carry and deliver small RNAs/proteins, and can be modulated 
to overcome parent stem cell’s phenotypic dysfunction. All of 
these features demonstrate a significant advantage over the 
typical cell-based therapies opening the door for development 
of future cell-free treatments. The promise and excitement can 
be ascertained by new studies reported every day with stem 
cell exosomes. Nevertheless, the promise and the optimiza-
tion must be balanced with careful assessment of stem cell–
derived exosomes products to achieve the ultimate goal of 
repopulating the lost cardiac tissue.
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