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Abstract

Growing evidence suggests that transcriptional regulators and secreted RNA molecules encapsulated within
membrane vesicles modify the phenotype of target cells. Membrane vesicles, actively released by cells,
represent a mechanism of intercellular communication that is conserved evolutionarily and involves the transfer
of molecules able to induce epigenetic changes in recipient cells. Extracellular vesicles, which include exosomes
and microvesicles, carry proteins, bioactive lipids, and nucleic acids, which are protected from enzyme
degradation. These vesicles can transfer signals capable of altering cell function and/or reprogramming targeted
cells. In the present review we focus on the extracellular vesicle-induced epigenetic changes in recipient cells
that may lead to phenotypic and functional modifications. The relevance of these phenomena in stem cell
biology and tissue repair is discussed.

Introduction
Information exchange between cells coordinates devel-

opment and functional interplay in complex organisms.

Cells can communicate via physical interactions, in-

cluding membrane bridge formation, such as tunneling

nanotubes and cytonemes, and/or through the release

of soluble factors [1–3]. The fate of the cell is deter-

mined by coordinated and dynamic interactions among

a number of factors, acting in a defined microenviron-

ment. In particular, stem cells are highly sensitive to

extracellular signals that play a critical role in mainten-

ance of stem cell characteristics, differentiation, and

interplay with somatic cells. A tight spatial and timing

regulation of growth factor action during embryonic

development has been suggested [4]. Growth factors

may act either in an autocrine or a paracrine fashion

and their temporal and spatial concentration modulates

the cell phenotype and function. In this context, extra-

cellular matrix also has a critical role because it may

limit, in a defined niche, the action of growth factors

since it often binds growth factors and may deliver cell

fate-determining signals by direct interaction with cells

[5, 6]. Several other environmental factors including oxy-

gen concentration and mechanical, metabolic, and bio-

chemical conditions have been shown relevant in cell

differentiation and have been reviewed extensively (Fig. 1)

[3]. Similarly, reprogramming of somatic cells involves a

complex interaction among intracellular and extracellular

signals leading to epigenetic remodeling [6]. The cell

phenotype is therefore determined by signals that target

the cells received within a defined microenvironment.

This process involves the ability of cells to change pheno-

type depending upon specific signals.

Cell-secreted vesicles have emerged as an integral com-

ponent of intercellular exchange of information (Fig. 1).

This concept is based on the observation that vesicles may

transfer different types of signals between cells [7, 8].

Classification of vesicles into exosomes, originating

from the membrane of the endosomal compartment, and

microvesicles, derived from plasma membrane budding, is

based on their biogenesis [9]. However, given the overlap-

ping features of exosomes and microvesicles, and the vari-

ability of content and biogenesis depending on cellular

type, the term extracellular vesicles (EVs) has been sug-

gested to include the different types of vesicles [10].

During vesiculation, bioactive lipids and receptors re-

main associated with vesicle membranes, and cytosolic

proteins and nucleic acids are contained within the

vesicles [11]. Surface-expressed lipids and receptors

derived from donor cells may allow interaction and
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membrane fusion or internalization of vesicles within

recipient cells and may lead to cell activation.

Biological activities of extracellular vesicles
Several studies have emphasized the role of the bio-

active lipid and protein content of EVs in their function

[7–9, 11, 12]. EVs may act as a signaling complex or by

delivering proteins, bioactive lipids, or receptors lead-

ing to activation of target cells (Fig. 1b). Early studies

by Raposo et al. [13] showed that B lymphocyte-derived

vesicles induced an antigen-specific major histocom-

patibility restricted T-cell response. Based on the pres-

ence of vesicles on the surface of antigen presenting

cells, it has been suggested that they may act as a ve-

hicle for major histocompatibility class II–peptide com-

plex. Subsequent studies further supported the concept

that antigen presenting cells may exploit vesicles for

antigen presentation [14]. The acquisition of receptors

by bystander B cells has also been shown to depend on

the transfer of membrane from activated B cells allow-

ing an expansion of the antigen-binding B cells [15].

This was confirmed for several other receptors, including

the transfer of the adhesion molecules from platelets to

tumor [16] or endothelial cells [17] resulting in enhanced

proadhesive properties. Moreover, the EV-mediated trans-

fer of Fas ligand from tumor cells to activated T cells has

been shown to induce T-cell apoptosis leading to tumor

immune escape [18].

In addition, EVs were shown to be a vehicle for the ex-

change of bioactive lipids, proteins, and receptors between

cells that, in the context of the tumor microenvironment,

could change the stromal cell phenotype and favor tumor

invasion and metastasis [19]. The role of EV-transported

bioactive lipids is currently undervalued. However, angio-

genic activity of sphingomyelin present on the surface of

EVs released by cancer cells has been reported and shown

to account for the enhanced endothelial cell migration

and invasion [20]. Conversely, a large body of information

is available regarding the exchange of proteins and recep-

tors by means of EVs. For example, it has been shown that

the EV-mediated transfer of membrane-bound CX3CL1/

fractalkine enhanced cell invasiveness [21]. In addition,

cancer cell-derived EVs may enhance tumor invasion by

supplying matrix metalloproteinases [21]. Similarly, the

EV-mediated transfer of tissue transglutaminase and fibro-

nectin from breast carcinoma and glioma cells was shown

to transform fibroblasts and epithelial cells [22]. Moreover,

remodeling of tissue matrices and activation of endothelial

cells at distant sites by tumor-derived EVs may favor the

formation of the “premetastatic niche” [23–25].

Several studies have indicated that tumor-derived EVs

may facilitate immune escape. Indeed, EVs released by

prostate cancer cells express the Fas ligand and may

induce cytotoxic T-lymphocyte apoptosis [18]. Further-

more, EVs released by renal cancer stem cells were

found to be enriched in fibroblast growth factor, vascu-

lar endothelial growth factor, ephrin A3, angiopoietin 1

and matrix metalloproteinase 2/9, which may promote

angiogenesis and formation of a premetastatic niche in

the lung [25].

More recently, it has been suggested that membrane

vesicles may act as transcription modulators and influence

cell phenotypes [26]. This evolutionarily conserved mech-

anism allows exchange of genetic information between

Fig. 1 Combined factors that modulate cell fate and functions. a Soluble growth factors may act as paracrine or autocrine mechanisms by interacting
with cell receptors directly or after binding to matrix; extracellular matrix and direct cell-to-cell contact may in turn direct cell fate in a defined
microenvironment. The interaction between stem and stromal cells is reciprocal. In addition, oxygen tension and metabolic products may modulate
cell phenotype. Extracellular vesicles are part of this complex regulatory network of factors involved in the interaction between cells. b Schematic
representation of different modes of action of extracellular vesicles. lncRNA long noncoding RNA, miRNA microRNA
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cells, as vesicles encapsulate and protect DNA, mRNA,

long noncoding RNA (lncRNA) and microRNA (miRNA)

from degrading enzymes [27–29]. EVs may serve to

specifically target extracellular RNA (exRNA) to cells

expressing counter-receptors, thus allowing vesicle up-

take from recipient cells [30]. Encapsulated RNA is not

the only form of enzyme-protected exRNA [31, 32]

present in the biological fluids, because RNA binding

proteins, such as proteins of the argonaute family and

high-density and low-density lipoproteins, may also

confer nuclease resistance. Recent studies have shown a

critical role of RNA-binding proteins in pluripotency,

stem cell differentiation, and cell reprogramming (for re-

view see [33]). Moreover, it has been shown that miRNAs

modulate the extracellular matrix and play a critical role

in regulation of somatic cell reprogramming [34].

Taken together, these studies indicate that EVs, owing to

their complex composition, may deliver different signals

to the recipient cells which may modify cell function and

phenotype. Conceivably, different bioactive molecules may

synergize in the EV biological actions.

Extracellular vesicles as vehicles for transfer of
genetic information
Several studies have demonstrated that encapsulated

mRNA can be shared between cells. The horizontal trans-

fer of vesicle-encapsulated mRNA was shown to repro-

gram hematopoietic progenitors [35] and quiescent

endothelial cells [36]. Ratajczak et al. [35] demonstrated

that microvesicles obtained from murine embryonic stem

cells improved survival and expansion of lineage-negative

Sca-1-positive progenitors by enhancing the expression of

Nanog, Oct-4, and Rex-1 and of HoxB4, Scl, and GATA 2,

which are markers of early pluripotent stem cells and of

hematopoietic stem cells, respectively. These phenotypic

changes were paralleled by mitogen-activated protein

kinase p42/44 and serine-threonine kinase AKT phos-

phorylation. The mRNA coding for several pluripotent

transcription factors enriched within microvesicles was

transferred and translated into proteins, and RNA inacti-

vation was found to inhibit the biologic activity of these

microvesicles, suggesting a relevant role for vesicle-

shuttled mRNA. Transferred mRNA may thus trigger

epigenetic changes in the recipient cells. This implies

translation of mRNA into proteins, as also shown by

Valadi et al. [37] in mouse and human mast cells; their

study showed that mast cell-derived exosomes contain

mRNA from about 1300 different genes, which was

proven to be functional because it could be translated into

protein in vitro. The transient production of green fluores-

cent protein (GFP) by cells that have incorporated vesicles

containing GFP mRNA further supports the delivery of

functional mRNA [38]. Furthermore, we also observed

in-vivo translation of mRNA in mice treated with

vesicles derived from human mesenchymal stem cells

[38, 39]. Aliotta et al. [40] demonstrated that the delivery

of mRNA by EVs, as well as the induction of transcription,

can account for the expression of tissue-specific RNA in

bone marrow cells. The vesicle-mediated transfer of

lung mRNA to bone marrow cells induced the expres-

sion of Clara cell-specific protein, surfactant A–D, and

aquaporin-5 mRNAs and protein in the recipient cells.

Bone marrow cells were thus shown to have acquired a

lung phenotype.

Recently, Ridder et al. [41] showed an EV-mediated

transfer of Cre mRNA used as a reporter gene from blood

cells to neurons. The observation of an intercellular trans-

fer of functional mRNA reveals that, in inflammatory

conditions, hematopoietic cells may communicate with

different organs, including the brain. EVs released by em-

bryonic stem cells may also transfer embryonic stem cell

mRNAs, such as for Oct4 and Sox2, implicated in the

preservation of pluripotency, to retinal progenitor Muller

cells, along with mRNAs related to embryonic and early

retinal genes [42]. Human milk-derived EVs carry mRNA

transcripts and reverse transcriptase, and may transfer

genetic information from the mother to the neonate. Re-

verse transcription and integration into the genome of

transcripts carried by EVs from a healthy wet nurse have

also been suggested to correct clinical expression of gen-

etic diseases [43].

A fraction of mRNA present in exosomes has been re-

ported recently to be characterized by a specific pattern of

fragmentation with the presence of 3′ ends containing ele-

ments that, being rich in miRNA-binding sites, may com-

pete with the mRNAs of recipient cells, thus modulating

their translation [44]. Molecules carried by EVs that can

modify the cell phenotype include miRNAs known to con-

trol genes encoding most proteins [28] and lncRNAs

known to modulate the epigenome [45].

The presence of miRNAs within exosomes released

from mast cells and their transmission from one cell to

another was shown by Valadi et al. [37]. An enrichment

of miRNAs was also detected in vesicles derived from

mouse embryonic fibroblasts [46]. Chen et al. [47]

showed that 55–65 nm “microparticles” secreted by

human embryonic mesenchymal stem cells are enriched

in pre-miRNAs. These small RNAs, not associated with

the Argonaute 2 (Ago2) protein, were suggested to be

encapsulated in cholesterol-rich vesicles since they are

sensitive to RNase after phospholipase A2 and detergent

treatment. In-vitro treatment with RNase III was shown

to generate mature miRNAs suggesting that, once incor-

porated into cardiomyocytes, pre-miRNAs may be proc-

essed to miRNAs [47]. We found that EVs released from

human adult bone marrow-derived mesenchymal stromal

cells (MSCs) contain mature miRNAs and that miRNAs

encapsulated in vesicles were more abundant than in the
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cell of origin, suggesting a specific compartmentalization

[48]. Gibbings et al. [49] suggested that packaging of RNA

into monocyte-derived exosomes may occur within multi-

vesicular bodies following an interaction with components

of miRNA effector complexes, such as Ago2 and GW182.

Studies on the comparison of miRNA families present

in vesicles and in the originating cells, as well as ribo-

nucleoproteins implicated in RNA intracellular hand-

ling, have provided additional information on miRNA

compartmentalization. We have found that several

stress granule-specific proteins are present within stem

cell-derived vesicles [48]. These proteins include ribo-

nucleoproteins involved in the storage of RNA such as

Stau 1 and 2, TIA, TIAR, and HuR, known to be

expressed in the nucleus and in stress granules but ab-

sent in processing bodies. Moreover, adult human

MSC-derived vesicles have been shown to contain

Ago2 [48], which is involved in the transport and mat-

uration of miRNAs. Laffont et al. [50] demonstrated

that platelet-derived EVs carry functional Ago2–miRNA

complexes able to regulate gene expression in the endo-

thelial cells. Moreover, it was found that the presence

in cell-secreted EVs of Ago2 complexes is critical for

miRNA stability [51] and function [52]. The selective

export of miRNAs in EVs has also been linked to Ago2

in multiple cell types, suggesting a common mechanism

for loading of miRNA in EVs [53].

Experiments based on chemical inhibition or on

knockdown of neutral nSMase2, an enzyme involved in

the synthesis of ceramide, uncovered the role of lipids in

miRNA compartmentalization within exosomes [54, 55];

inhibition of neutral nSMase2 activity resulted in re-

duced exosome content of miR-16 and miR-146a.

EV treatment influences the translation of protein tar-

gets of specific miRNAs, so we can deduce that EV-

delivered miRNAs must be functional [48]. Many studies

in the literature have demonstrated that miRNAs can be

transported by EVs to other cells. For instance, the

tumor-suppressive miR-143 has been shown to be trans-

ferred from normal prostate cells to cancer cells by

means of exosomes, inducing suppression of its target

genes and preventing cancer cell growth [56]. In addition,

Epstein–Barr virus (EBV)-infected cells can secrete exo-

somes containing mature EBV-encoded miRNAs that si-

lence B-cell genes, causing persistence of infection [57].

EVs released from monocytes/macrophages in culture

contain miR-150 and are able to transfer this miRNA to

endothelial cells, inducing downregulation of c-Myb and

enhancing migration [58].

Changes in gene expression induced in retinal Muller

cells by EVs from embryonic stem cells have also been

ascribed to miRNA transfer [42]. Enhanced expression

of miRNA that regulates early ocular genes and genes

relevant for retina remodeling and protection, and the

activation of a de-differentiation and pluripotency pro-

gram were observed. On the other hand, downregulation

of miRNAs involved in cell differentiation and in inhib-

ition of cell proliferation has been shown to be triggered

by embryonic stem cell EVs [42].

EV-mediated transfer of miRNAs has also been impli-

cated in the immune synapsis between T cells and anti-

gen presenting cells [59]. In addition, miRNA-carrying

EVs have been suggested to allow communication be-

tween dendritic cells, amplifying their function [60].

Some studies have reported that EVs may also contain

DNA. EVs derived from mouse cardiomyocytes were

shown to contain 343 chromosomal DNA sequences

that can be translocated to the cytosol and nuclei of tar-

get fibroblasts [61]. EV-mediated transfer of DNA may

concur with the phenotypic changes that occur in car-

diac remodeling after injury. The presence of mitochon-

drial DNA has also been identified in EVs released from

cancer cells [62].

EVs produced by tumor cells were also shown to de-

liver retro-transposon elements and amplified oncogene

sequences to endothelial and stromal cells [63], thus in-

ducing changes in the microenvironment that promoted

tumor growth and progression. Another important find-

ing is the transfer of the human H-ras oncogene to non-

transformed cells through EVs released by cancer cells

[64]. Al-Nedawi et al. [65] demonstrated that EVs re-

leased by human glioma cells may account for horizontal

propagation of oncogenes, leading to phenotype changes

in different subsets of tumor cells.

The role of cellular phenotype changes induced
by extracellular vesicles in stem cell biology
The pivotal study by Ratajczak et al. [35] showed that

vesicle-mediated signaling was critical for the preserva-

tion of stemness and pluripotency of hematopoietic

stem/progenitor cells, and was attributed to the delivery

of proteins and mRNA.

There is still an ongoing debate about stem cell plasti-

city [66]. The Quesenberry group studied the plasticity

of stem cells with regard to the ability of bone marrow

cells to acquire the phenotype of nonhematopoietic cells,

in particular regarding the lung [67–69]. After injection

of bone marrow cells expressing GFP into lethally irradi-

ated mice, GFP-positive pulmonary epithelial cells were

detected in the lungs [70]. Co-culture experiments of

murine bone marrow cells with lung tissue separated by

a cell-impermeable membrane showed that bone marrow

cells were subsequently expressing specific mRNA of lung

cells, such as Clara cell-specific protein, aquaporin-5, and

surfactants A–D [71]. Expression levels of this mRNA

were significantly enhanced when injured lungs obtained

from irradiated mice were used. Studies performed on

conditioned media by differential ultracentrifugation
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demonstrated that a mixture of microvesicles and exo-

somes had greater activity then exosomes alone.

To investigate the mechanisms underlining lung mRNA

induction in bone marrow cells after exposure to EVs, co-

culture experiments in trans-wells of rat lung with bone

marrow from mice or of mouse lung with bone marrow

from rats were performed [72]. By using species-specific

primers for surfactants B and C, an immediate increase

in mRNA of both mouse and rat origin was found.

When cells were kept in liquid culture supplemented

with cytokines, the mouse bone marrow cells previously

co-cultured with rat lung rapidly terminated the expres-

sion of rat mRNA surfactant, but maintained the expres-

sion of mouse mRNA for up to 12 weeks [72].

These results suggest a rapid transfer of rat mRNA to

bone marrow cells with its subsequent degradation, and

the transfer of transcription factors able to trigger the

expression of murine mRNA for surfactants B and C.

This phenomenon was partially sensitive to RNase treat-

ment, so the persistency of epigenetic changes observed

in bone marrow cells was interpreted as being due to

the transfer of noncoding regulatory RNAs, such as miR-

NAs and lncRNAs [72] (Fig. 1). Using PKH26-labeled

and CSFE-labeled EVs, the biological activity of EVs was

found to be related to their entry into the cells [40] as

well as being related to the expression of adhesion mole-

cules on the EV surface [73]. Co-culture in trans-wells of

murine bone marrow cells with other organs such as the

heart, liver, and brain also induced the expression of

tissue-specific mRNAs [40].

These experiments indicate that vesicles derived from

various organs may induce phenotypic changes in bone

marrow cells, shedding new light on stem cell plasticity.

EV-mediated exchange of genetic information has there-

fore been suggested as a fundamental component of the

continuum model of stem cell biology, proposed by

Quesenberry and colleagues, where transit into the cell

cycle and the environmental stimuli are critical for the

differentiation decision of stem cells [74].

The role of stem cell-derived extracellular
vesicle-mediated cell fate alterations in tissue
injury repair
In the context of tissue injury, EV-mediated exchange of

information could be bidirectional between stem and in-

jured cells.

Repair of acute kidney injury (AKI) induced by MSCs

is a good model to study tissue regeneration in the ab-

sence of stem cell contribution due to stem cell plasti-

city. Administration of MSCs was found to induce AKI

recovery. However, unlike hematopoietic stem cells which

are able to engraft in the kidney [75], MSCs only transi-

ently localize in the injured kidney without permanent

engraftment. Humphreys et al. [76] showed that MSC-

induced AKI recovery must be ascribed to an intrinsic

capacity of epithelial cells to repopulate the injured tu-

bules. Using a genetic fate-mapping technique, these

authors demonstrated that the predominant mechan-

ism of renal tubule repair after ischemic injury is the

re-entry of surviving tubular cells into the cell cycle,

with consequent proliferation due to mesenchymal de-

differentiation. This process has been named “epithe-

lial–mesenchymal–epithelial cycling” [77]. A paracrine/

endocrine action of MSCs has been suggested by the

experiments of Bi et al. [78], who showed that the effect

of MSCs was reproduced by their conditioned medium,

which diminished apoptosis, enhanced survival, and re-

duced injury in cisplatin-induced AKI. The involvement

of a paracrine/endocrine mechanism in the regenerative

properties of MSCs for the recovery of other organs,

such as the liver or heart, has also been described [79].

The modulation of cell fate by EVs has been impli-

cated in MSC paracrine/endocrine action. We compared

the effect of MSC-derived EVs with that of the cell of

origin in an experimental model of AKI induced in SCID

mice by intramuscle injection of glycerol [38]. EVs were

found to be able to mimic the effect of MSCs by pro-

moting tubular cell proliferation and resistance to apop-

totic injury, leading to functional and morphological

recovery of AKI. The major role of RNA transfer in the

biological action of EVs was demonstrated by experi-

ments involving inactivation of RNA. In addition, the

translation to protein of human MSC-specific mRNA

was observed both in vitro and in vivo in murine tubular

epithelial cells [38] (Fig. 2). Experiments showing the

transfer of human insulin-like growth factor 1 (IGF-1)

receptor mRNA to murine proximal tubular cells,

followed by IGF-1 receptor synthesis and enhanced sen-

sitivity to IGF-1, provided an explanation for the amplifi-

cation of the regenerative action of the few MSCs

localized to the kidney [80], and further supported the

notion that exRNA is transferred via EVs in AKI [38].

The efficacy of MSC-derived EVs was also observed in

other models of renal injury. Human umbilical MSC-

derived EVs were also shown to activate the extracellular

signal-regulated kinase (ERK) 1/2 pathway, which is in-

volved in tubular cell proliferation and protection from

cisplatin-induced apoptosis [81]. In the mouse model of

remnant kidney, which is characterized by development

of chronic renal disease, EVs released by MSCs have

also been shown to prevent fibrosis [82]. We have previ-

ously reported a protective effect of MSC-derived EVs

in cisplatin-induced lethal AKI [83] where EVs signifi-

cantly improved survival of mice. The underlying ex-

planation was that EVs induced upregulation of genes

that antagonize apoptosis (Bcl-xL, Bcl2, and BIRC8) and

downregulation of proapoptotic genes (Casp1, Casp8,

and LTA) [83].
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Phenotypic changes induced by MSC-EVs have also

been shown to promote regeneration in other organs in-

cluding the liver, lung, and heart. For example, in a

model of 70 % hepatectomy, EVs promoted liver mor-

phological and functional recovery through the transfer

of specific subsets of mRNA, associated with the control

of transcription, translation, proliferation, and apoptosis

[39]. In addition, using human AGO2 as a reporter gene

present in EVs showed that the human protein was

translated from AGO2 mRNA which was incorporated

into the liver of EV-treated rats. Other studies have

demonstrated that MSC-derived EVs may stimulate liver

regeneration by activation of the interleukin-6/STAT3

pathway [84] and reduce liver fibrosis [85] in CCl4-induced

injury.

Furthermore, in an endotoxin-induced murine model

of acute lung injury, the beneficial effect of treatment

with MSC-derived EVs was attributed to the transfer of

keratinocyte growth factor (KGF) mRNA to the injured

alveolar epithelial cells [86]. In fact, EVs depleted of KGF

mRNA by transfection of MSC with a specific siRNA

were significantly less effective in reparation.

Timmers et al. [87] showed that administering MSC-

conditioned medium after ischemia/reperfusion injury

(IRI) in the heart reduced the infarct size in a murine

model of myocardial infarction. Lai et al. [88] provided

evidence that EVs present in MSC-conditioned medium

were responsible for cardioprotection. Internalization into

target cells at the infarct site was shown to be a re-

quirement, because homogenized EVs were no longer

cardioprotective [89]. Borges et al. demonstrated that

transforming growth factor-β1 mRNA transported by

EVs may activate both repair/regenerative responses

and fibrosis by fibroblast activation [90].

Enrichment of miRNAs in MSC-EVs [19, 46, 48] sug-

gests that these noncoding posttranscriptional modula-

tors of gene expression are candidates for potential

effectors of EVs. We investigated whether there was any

modulation in miRNAs by MSC-EVs in renal tubular

epithelial cells exposed to IRI induced by ATP depletion

[91]. Changes in miRNA expression observed after in-

jury were reverted by EV administration. EV-dependent

modulation of miRNAs was partly dependent on miRNA

transfer via EVs, and partly due to EV-triggered tran-

scription. In particular, it was found that EVs transferred

miRNAs and/or enhanced the expression of miRNAs

which downregulated apoptosis and cell death.

In an in-vivo model of AKI, we found that MSC-EVs

counteracted alterations in mRNA levels, detected by

deep sequence analyses in injured kidneys [91]. This ef-

fect of EVs, which was associated with morphological

and functional recovery, was dependent on EV miRNA

content. In fact, miRNA-depleted EVs generated by

Drosha knockdown in MSCs were devoid of healing

properties [92], suggesting that the miRNA content of

EVs is crucial for its biological activity. The role of

Fig. 2 Model of extracellular vesicle-induced modulation of cell phenotype involved in the repair of tissue injury. EV extracellular vesicle, lncRNA
long noncoding RNA, miRNA microRNA
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miRNAs was confirmed in a murine model of renal IRI

[93] and in a model of hind-limb ischemia [94] treated

with EVs from wild-type or Dicer knockdown endothe-

lial progenitor cells (EPCs) to impair the expression of

miRNAs in EVs. In these models, only EVs from wild-

type EPCs were renoprotective and improved neovascu-

larization. The involvement of angiogenic miR-126 and

miR-296 was suggested by experiments which demon-

strated that silencing of these miRNAs abrogated EV ac-

tivity [93].

Pulmonary hypertension has multiple disease associa-

tions and is a serious and eventually lethal condition.

Pulmonary hypertension is characterized by vascular

remodeling and right ventricular hypertrophy. Aliotta

et al. [95] have shown that lung-derived or plasma-

derived vesicles from mice with monocrotaline-induced

pulmonary hypertension could induce pulmonary hyper-

tension in normal mice. Whether this is due to a direct

effect on vascular remodeling in the lung or due to an

indirect effect through the marrow is the subject of on-

going investigations. The effect of marrow MSC-derived

vesicles on monocrotaline-induced pulmonary hyperten-

sion is also under investigation. Human or murine mar-

row MSC-derived vesicles have also been shown to

partially reverse radiation damage due to murine mar-

row cells in vitro and in vivo.

Nakamura et al. [96] recently provided evidence that

MSC-derived exosomes enhance myogenesis and angio-

genesis promoting muscle regeneration by a mechanism

at least partially mediated by miR-494. EV-mediated de-

livery of miR-133b from MSCs to neurons and astro-

cytes has also been implicated in the induction of

neurite outgrowth both in vitro and in vivo [97, 98]. EV

transfer of miR-221 from MSCs to cardiomyocytes has

been shown to confer cardioprotection by targeting p53-

upregulated modulator of apoptosis (PUMA) [99].

Taken together, these studies suggest that EVs derived

from stem/progenitor cells may stimulate tissue regener-

ation by modulation of gene transcription and induction

of epigenetic changes in recipient cells [100].

Factors other than the delivery of exRNAs, however,

are involved in the injury protection and regeneration

induced by stem/progenitor cell-derived EVs. Studies

carried out by the Quesenberry group have demon-

strated that the phenotypic alterations observed in bone

marrow cells were dependent on their cell cycle status

and on the injury of the originator cells [73]. In particu-

lar, it was found that the expression of adhesion mole-

cules, allowing EVs to enter bone marrow stem cells,

depends on the cell cycle and on the treatment of the

cell of origin.

In addition, a recent comprehensive study on the con-

tent of MSC-derived EVs has shown that, beside miR-

NAs, EVs carry more than 150 different proteins

including growth factors, modulators of extracellular

matrix, and metabolites such as lactic and glutamic acid.

Moreover, EVs were shown to contain biologically active

lipids such as sphingomyelin that may be involved in EV

biological activities [101]. We found that EVs released

from MSCs derived from adipose tissue are enriched in

c-kit, stem cell factor, and metalloproteinases, which

favor angiogenic activity [102]. Culture conditions mod-

ulated the composition of EVs and their biological activ-

ity. Whereas platelet-derived growth factor was shown

to enhance the presence of proangiogenic factors [102],

fibroblast growth factor upregulated the expression of

the anti-angiogenic factors and decreased the level of

proangiogenic factors and of neoangiogenesis [103].

MSC-derived EVs also carry Wnt4 protein that has been

shown to induce β-catenin activation in endothelial cells

and angiogenesis favoring cutaneous wound healing

[104]. Moreover, EVs containing annexin A1 were shown

to activate wound regeneration circuits able to repair

chronic mucosal injury [105].

Taken together, these studies clearly indicate that

stem/progenitor cell-derived EVs have regenerative po-

tential. However, it is not easy to compare different stud-

ies to understand the molecular mechanism implicated

because of the different techniques used for purification

and quantitation of EVs, the different cell types, and the

different culture conditions. In addition, vesicles from

the same cell type are heterogeneous in nature and the

molecular content and the biological activity vary de-

pending on stimulation. Whereas the exogenous admin-

istration of EVs has been proved to be effective in vivo

in different experimental settings, it is not easy to deter-

mine whether EVs have a relevant in-vivo physiological

importance in cell differentiation and reprogramming.

The amount of circulating vesicles mainly derived from

platelets, and to a lesser extent from monocytes and

endothelial cells, largely exceeds doses normally used

in vitro. It is more difficult to define the locally released

EVs in different tissues under physiological and patho-

logical conditions. The presence in tissue of vesicles re-

leased from cardiac telocytes has been shown by

electron microscopy and electron tomography [106].

Moreover, some studies have been conducted to try to

understand the potential contribution of released EVs to

MSC paracrine action. The amount of EVs released

in vitro overnight from 75,000 MSCs and injected intra-

venously was shown to mimic the beneficial effect of the

same amount of cells in a model of AKI [38]. Quantita-

tion by NanoSight (Malvern Instruments Ltd., Malvern,

UK) of EVs produced in vitro by MSCs cultured in

serum-free basal medium indicated the production of

approximately 2200 vesicles per single cell in 12 h [91].

It should be underlined that the timing of EV collection

may give different results because most of the released
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vesicles are re-uptaken by the producing cells. The ef-

fective production under physiological conditions within

tissue cannot be determined, but it is conceivable that

production of EVs varies upon stimulation and that lo-

cally released EVs act primarily on adjacent cells and

synergize with other environmental stimuli in determin-

ing the cell fate.

Conclusions: translational potential of
extracellular vesicles
The considerations presented in this review suggest that

EVs may either modify neighboring cell function and

phenotypes within a defined microenvironment or act

on distant cells following transportation by biological

fluids. By delivering bioactive lipids, proteins, and nu-

cleic acids, EVs may transfer the imprinting of the ori-

ginator cells to the recipient cells. In the context of stem

cell biology, this mechanism may account for stem

tissue-injured cell communication. The influence can

also be bidirectional, because tissue-injured cells may in-

duce gene expression and differentiation decisions in the

stem cells. Conversely, stem cell-derived vesicles may

reprogram injured cells by activating regenerative mech-

anisms. In particular, the transfer of transcriptional fac-

tors and translational regulators, such as noncoding

RNAs, may induce epigenetic modifications into recipi-

ent cells, which could be exploited in regenerative medi-

cine. Based on these factors, it is important to fully

understand the mechanisms involved in EV biogenesis

and in changes in EV composition, dependent on envir-

onmental stimuli, in order to design possible new thera-

peutic interventions.
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