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Abstract
The use of stem cells in the treatment of various diseases and injuries has received increasing
interest over the past decade. Injected stem cells, such as mesenchymal stem cells, stimulate tissue
repair largely through the secretion of soluble factors that regulate various processes of tissue
regeneration, including inflammatory responses, apoptosis, host cell proliferation, and
angiogenesis. Recently, it has become apparent that stem cells also use membranous small
vesicles, collectively called microvesicles (MVs), to repair damaged tissues. MVs are released by
many types of cells and exist in almost all types of body fluids. MVs serve as a vehicle to transfer
protein, mRNA, and miRNA to distant cells, altering the gene expression, proliferation, and
differentiation of the recipient cells. Although animal models and in vitro studies have suggested
promising applications for MV-based regeneration therapy, its effectiveness and feasibility in
clinical medicine remain to be established. Further studies of the basic mechanisms responsible for
MV-mediated tissue regeneration could lead to novel approaches in regenerative medicine.

Introduction
Tissue modeling and maintenance is a complex and dynamic process that requires constant
input from many different cell types. Historically, the study of cell-cell communication has
been primarily confined to the context of chemical and physical signals, in the form of
soluble proteins, bioactive lipids, gases, and electrical impulses. More recently, a growing
body of evidence has shown that membranous vesicles released from multiple cell types also
contribute to cell-cell communication.1–6 Two such populations of membranous vesicles
released from cells are exosomes and microparticles.

Exosomes are small (50–100 nm) membranous vesicles that arise in the endocytic pathway
and are released by numerous cell types, including neurons, immune cells, cancer cells, and
stem cells.3, 5, 6 As early endosomes mature, they become multivesicular bodies (MVBs) by
accumulating intraluminal vesicles through the invagination of the limiting membrane of the
endosome (Fig. 1A). MVBs destined for degradation fuse with lysosomes, but a subset of
MVBs fuse with the plasma membrane and release intraluminal vesicles into the
extracellular environment as exosomes. Exosomes are enriched in heat shock proteins
(HSP70 and HSP90) as well as endosome-specific proteins, such as Alix and TSG101. In
addition, exosomes contain cholesterol, ceramide, integrins, and tetraspanins (CD9, CD63,
and CD81), all of which are typical components of microdomains in the plasma membrane
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called lipid rafts. Lipid rafts are rigid membrane domains involved in sorting lipids and
proteins during endocytosis.7–9

Microparticles (100–1000 nm) are shed vesicles that arise from the budding of the plasma
membrane through the dynamic redistribution of phospholipids. Plasma membrane
reorganization and microparticle budding are triggered by increased intracellular Ca2+

concentrations and subsequent activation of several key enzymes, notably calpain,
scramblase, and floppase (Fig. 1B).1, 3, 10, 11 Microparticle secretion has been best
characterized in platelets, red blood cells, and endothelial cells. Microparticles lack proteins
of the endocytic pathway but are enriched in cholesterol and lipid raft-associated proteins,
such as integrins and flotillins. Although tetraspanins are commonly used as unique markers
for exosomes, they can be detected in microparticles in some cases.12 This overlap in
molecular markers makes the distinction between exosomes and microparticles sometimes
ambiguous and, therefore, both types of membranous vesicles will collectively be referred to
as microvesicles (MVs) in the following discussion.

Functions of MVs
MVs have been isolated from many types of biological fluids, including serum,
cerebrospinal fluid, and urine, by use of ultracentrifugation and size exclusion column
chromatography.6, 13, 14 The physiological functions of MVs in many tissues remain largely
unknown; however, their potential roles in pathological settings have been widely studied in
oncology and immunology. A subset of molecules, including proteins and RNAs, have been
identified in association with MVs, and their effects on recipient cells have been intensively
studied in these fields, primarily in vitro. The ExoCarta website (http://exocarta.org/#)
provides a comprehensive list of MV-associated proteins, RNAs, and lipids reported from
more than 140 studies. Several examples of MV-mediated cell-cell communication are
briefly discussed below.

Several types of cancer cells secrete MVs containing the pro-apoptotic molecule Fas ligand
(FasL) on the surface, which then binds to its receptor Fas on T cells, activating the
apoptotic pathway and resulting in T cell death (Fig. 2A).15–17 When T cells are pretreated
with a neutralizing antibody that inhibits Fas-FasL interactions, they become insensitive to
MV-mediated apoptosis. In this way, the release of MVs by tumor cells creates an
immunosuppressed microenvironment optimal for tumor progression. MVs can also transfer
active cytokine receptors to recipient cells. For example, tumor-derived MVs isolated from
the serum of glioblastoma patients contain mRNA encoding the truncated and oncogenic
receptor epidermal growth factor receptor variant III (EGFRvIII).18 Cultured glioma cells
that overexpress EGFRvIII secrete the oncogenic receptor protein in association with MVs.
EGFRvIII-negative glioblastoma cells take up these MVs, which causes overexpression of
anti-apoptotic genes and increased proliferation, thus conferring a more aggressive
phenotype to the recipient glioblastoma cells (Fig. 2B).19 The transfer of oncogenic
molecules via MVs could be a potential mechanism leading to tumor progression.

In addition to the transportation of proteins, MVs also transfer miRNA between cells (Fig.
2C).20 It was recently demonstrated that T cells release miRNA-enriched MVs following
stimulation by antigen-presenting B cells.21 Some miRNAs are specifically enriched in MVs
compared with the parent cells, while other miRNAs are more abundant in parent cells than
in MVs.21 This skewed miRNA content indicates a selective uptake of miRNAs into MVs,
which has been reported in many other cases, although the mechanism is unknown.22–25

Furthermore, MV-associated miRNAs are transferred from activated T cells to antigen-
presenting B cells, where they effectively regulate target gene expression. This was
demonstrated by the ability of transferred miR-335 to knock down expression of a luciferase
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reporter gene containing the seed sequence of miR-335 at the 3′-UTR.21 These data provide
evidence for a novel form of communication between T cells and antigen-presenting cells.

Mesenchymal stem cells and regenerative medicine
Recent progress in basic stem cell biology has greatly contributed to the realization of
regenerative medicine. Differentiated cells derived from various types of stem cells are
expected to facilitate regeneration of damaged tissues. In particular, the establishment of
human embryonic stem cells (ESCs)26 and more recent creation of induced pluripotent stem
cells (iPSCs)27 provided a major driving force for the medical and public enthusiasm toward
regenerative medicine. While ESCs are pluripotent stem cells established from the inner cell
mass of the blastocyst28, iPSCs are commonly established from human skin fibroblasts by
overexpressing four transcription factor genes—Oct4, Sox2, Klf4, and c-Myc. Patient-
derived iPSCs provided hitherto unimaginable opportunities for autologous transplantation,
disease modeling, and drug screening. Despite their clinical appeal, however, no ongoing
human trials have been undertaken with iPSCs primarily due to technological restrains. The
most commonly used type of stem cells in regenerative medicine is autologous
mesenchymal stem cells (MSCs), which will be discussed currently.

MSCs are generally defined as a heterogeneous population of non-hematopoietic stem cells
with the capability to differentiate into cells of endoderm, mesoderm, and ectoderm origin.
However, because of their heterogeneous nature, MSCs were defined by the International
Society of Cellular Therapy more stringently for use in clinical trials, based on adhesion to
plastic, the presence or absence of specific cell surface markers, and their ability to
differentiate into mesodermal lineages.29 MSCs can be readily isolated from many sources,
including bone marrow and adipose tissue, and expanded ex vivo for transplantation.
Transplanted MSCs stimulate angiogenesis, cell survival, and proliferation and regulate the
inflammatory process in host tissues. As of August 2013, 340 clinical trials using MSCs to
treat various diseases had been registered with the U.S. National Institutes of Health
(clinicaltrials.gov).

Although MSCs have been shown to facilitate regeneration of diseased tissue in various
animal models, the exact mechanism underlying this benefit is not fully understood. MSCs
are generally thought to achieve this function through paracrine mechanisms, rather than
engraftment and subsequent repopulation of the tissues.30–32 Although engraftment of
transplanted MSCs has been documented in some cases,33–35 only a small percentage of
injected MSCs successfully engraft in various models of myocardial infarction and acute
kidney injury (AKI).36–39 Consistent with these findings, injection of mice with cell-free,
MSC-conditioned medium is sufficient to stimulate the structural and functional
regeneration of cardiac and renal tissues in these models.36,40,41 This indicates an integral
role for MSC-secreted signaling molecules in stimulating tissue repair. Indeed, MSCs are
known to promote tissue regeneration through the secretion of cytokines, such as
transforming growth factor β (TGF-β), hepatocyte growth factor (HGF), and vascular
endothelial growth factor (VEGF), to name a few.30 Recent findings also indicate a pro-
regenerative role for MVs released by MSCs (MSC-MVs) in several models of tissue
regeneration, including regeneration of kidney, heart, liver, and nervous tissues, as discussed
below.

MSC-MVs in kidney regeneration
Kidney regeneration mediated by MSC-MVs is commonly studied in AKI models induced
by cisplatin, ischemia and subsequent reperfusion, or glycerol.42–46 Specifically, cisplatin-
induced injury of cultured renal tubular epithelial cells is mitigated after the addition of
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purified MSC-MVs. MSC-MVs increase the amount of cellular incorporation of BrdU,
indicative of proliferation, while decreasing the number of TUNEL-positive apoptotic cells
(Fig. 3A).46 Similarly, the use of purified MSC-MVs to treat AKI in mice recapitulates the
in vitro data, leading to an increase of BrdU-positive cells and a decrease of TUNEL-
positive cells. Consequently, functional impairment is similarly reduced as indicated by
decreased serum levels of blood urea nitrogen, creatinine, and renal cellular necrosis.46

Additionally, microarray analysis of the MV mRNA detected 239 species of mRNA
molecules, with specific enrichment of mRNAs involved in cell proliferation, transcription,
and immune regulation, providing another example of selective uptake of RNA species into
MVs.

These processes appear to be mediated, at least in part, by the transfer of RNA by MSC-
MVs, as indicated by the loss of regenerative effects after RNase treatment of the MVs.46

However, these results are contradictory to other studies that show MV-associated RNA is
resistant to RNase treatment.18,47,48 Notably, these studies did not perform functional
experiments with the RNase-treated MVs but instead isolated RNA from the MVs and either
quantified total RNA or amplified specific targets using RT-PCR to demonstrate RNase
insensitivity. These results are consistent with recent observations that RNA can be isolated
from biologic fluids with high intrinsic RNase activity, such as bovine milk or human
plasma, indicating some protective mechanism conferring RNase resistance.47,49 One
possible explanation for these conflicting reports could stem from residual RNase that
remained attached to the surface of the MVs and were subsequently incorporated into the
cell with the MVs. The RNase could then degrade nearby MV-derived RNAs, leading to
abrogation of the regenerative response. To address this possibility, MVs could be treated
with RNase-coated beads and thereby eliminating the possibility of soluble RNase being
incorporated into cells.

Recent reports have begun deciphering the molecular pathways modulated by MSC-MVs in
the context of renal regeneration. Specifically, MSC-MVs induce the expression of several
anti-apoptotic genes, including Bcl-xL, Bcl2, and BIRC8, in renal tubular epithelial cells
while simultaneously downregulating pro-apoptotic genes, such as Casp1, Casp8, and
LTA.50 In this manner, MSC-MVs confer an anti-apoptotic phenotype necessary for tissue
repair. Additionally, MSC-MVs stimulate renal cell proliferation by inducing the
phosphorylation and subsequent activation of extracellular regulated kinase (ERK) 1/2.51

Blockade of ERK activation with a chemical inhibitor significantly reduces cell proliferation
after MSC-MV treatment.51 Although the exact molecules in the MVs that mediate the anti-
apoptotic and pro-proliferative effects have not been identified, these data demonstrate the
ability of MSC-MVs to simultaneously modulate several different pathways to stimulate
renal regeneration.

While the ability of MSC-MVs to stimulate renal regeneration has been intensively studied,
it is becoming clear that MVs from diverse cell types could potentially aid in the
regenerative process. For example, endothelial progenitor cells (EPCs) may also contribute
to tissue regeneration through released MVs.52, 53 EPCs are a subpopulation of non-
hematopoietic bone marrow cell with a differentiation potential restricted to the endothelial
lineage. EPC-derived MVs (EPC-MVs) activate an angiogenic program in quiescent
endothelial cells by stimulating reentry into the cell cycle and promoting blood vessel
formation (Fig. 3B).54 This process is dependent on the transfer of mRNAs by incorporation
of EPC-MVs into endothelial cells. If MV incorporation is blocked using α4- or β1-integrin
neutralizing antibodies, EPC-MVs do not activate quiescent endothelial cells. A microarray
analysis of the mRNA in EPC-MVs detected 298 species of mRNA, including those
involved in the phosphatidylinositol 3-kinase/AKT signaling pathway, which is critical for
the activation of angiogenesis. Similarly, MVs released by injured renal epithelial cells
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promote proliferation of fibroblasts and secretion of type I collagen from fibroblasts,
initiating a tissue repair process. This process is dependent on the presence and transfer of
TGF-β1 mRNA by MVs.55 When TGF-β1 is knocked down using siRNA, renal epithelial
cell-derived MVs could no longer stimulate tissue repair.

In addition to mRNAs, the transfer of miRNAs by MVs is important in the context of kidney
regeneration. In a rat model of AKI, intravenously injected EPC-MVs mainly localize in the
peritubular capillaries and renal tubular cells, and subsequently promote tissue repair and
reduce functional impairment.22 Their protective effects can be inhibited by the knockdown
of Dicer, which is an RNase essential for processing of pre-miRNA to miRNA, or by
simultaneous inhibition of miR-126 and miR-296 in the parental EPCs. These two miRNAs
are known to be essential for angiogenesis in many contexts.56 These data indicate an
important and potentially underappreciated role of miRNA transfer by MVs in stimulating
tissue regeneration.

MSC-MVs in cardiac regeneration
In addition to contributing to kidney regeneration, MSCs mediate functional and structural
regeneration of cardiac tissue in a largely paracrine manner.57, 58 For instance, injection of
rats with MSCs engineered to express the pro-survival gene Akt1 stimulates cardiac
regeneration after ischemia.40, 59 Recovery of left ventricular function occurs as early as 72
hours after the addition of MSCs, suggesting that the functional recovery is not dependent
on cellular engraftment and subsequent differentiation.40 Supporting this interpretation,
injection of mice with MSC-Akt–conditioned medium significantly reduces the infarct size
and increases left ventricular systolic pressure as compared with controls.40, 59 Similarly,
intravenous injection of medium conditioned by wild-type MSCs also reduces the infarct
size caused by ischemia and reperfusion.41 In this model of myocardial infarction, the
cardioprotective effect of MSC-conditioned medium could be observed as early as 4 hours
after reperfusion. Subsequent ultracentrifugation and biochemical characterization showed
that MVs were the key components in the conditioned medium mediating myocardial
protection.60 Administration of purified MSC-MVs 5 minutes before reperfusion
significantly reduces infarct size and drastically improves left ventricular function.
Furthermore, MSCs derived from fetal tissue are highly proliferative, with the potential of
producing up to 1019 cells, and are therefore capable of producing substantial quantities of
cardioprotective MVs for therapeutic use.61

In addition to MSCs, MVs isolated from cardiac progenitor cells (CPCs) may also contribute
to cardiac regeneration.62 CPCs have been isolated from embryonic and adult hearts based
on the expression of several specific marker proteins.63,64 For example, the first purified
CPCs from adult rat hearts were negative for the expression of blood lineage markers (Lin−)
and positive for the expression of the stem cell-related surface antigen c-kit.65 These cells
are multipotent, being able to differentiate into cardiac muscle, smooth muscle, and
endothelial cells, and promote cardiac regeneration after myocardial infarction. MVs
isolated from the supernatant of the culture of CPCs stimulate endothelial cell migration
through the extracellular matrix metalloproteinase inducer (EMMPRIN) expressed on the
MV surface. EMMPRIN signaling subsequently activates the ERK1/2 pathway and induces
expression of matrix metalloproteinases and secretion of VEGF, thus promoting
angiogenesis.66,67 The ability of MVs to activate an angiogenic program in endothelial cells
could provide, in part, a mechanism for their ability to promote cardiac regeneration.

MVs in regeneration of other tissues
Although the pro-regenerative role of MSC-MVs has been most intensely studied in the
context of kidney and cardiac regeneration, recent reports indicate a protective role for MVs
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in other tissues as well. For example, MSC-MVs reduce tetrachloride-induced liver fibrosis,
potentially by inhibiting the epithelial-to-mesenchymal transition of hepatocytes and
collagen production.68 Human liver stem cells (HLSCs) have also been used as a source for
MVs to stimulate liver regeneration after physical and chemical injury. HLSCs were first
established after culture of primary hepatocytes for 2 weeks in selective media as a
population of actively proliferating cells.69 These cells can differentiate into bone, adipose
cells, and endothelial cells in addition to liver cells. MVs isolated from HLSCs can protect
cultured hepatocytes from D-galactosamine-induced apoptosis when simultaneously added
as determined by TUNEL assay. In parallel with the in vitro data, administration of HLSC-
MVs to 70% hepatectomized rats significantly contributed to structural and functional
hepatic recovery. Specifically, the amounts of the hepatic enzymes aspartate
aminotransferase and alanine aminotransferase in the serum diminished and the production
of albumin increased. At the histological level, more hepatic cells incorporated 5-bromo-2′-
deoxyuridine (BrdU), indicating proliferation, and fewer cells were apoptotic than in control
liver. HLSC-MVs were internalized into hepatocytes via a specific α4 integrin-dependent
process and horizontally transferred a specific subset of mRNAs to the hepatocytes. A
majority of the transcripts present in HLSC-MVs are involved in regulation of transcription,
translation, and cell proliferation.

A role for MSC-MVs has also been proposed in an ischemic model of neural regeneration.
Exposure of MSCs to ischemic rat brain extract for 72 hours induces the expression of
miR-133b in MSCs and its subsequent presence in MSC-MVs.70 miR133b is essential for
the functional regeneration of motor neuron axons after spinal cord injury in zebrafish.71

Treatment of healthy primary rat cortical neurons with MVs derived from the brain extract-
treated MSCs increases the total number of neurites and neurite length after 48 hours.
Furthermore, neurons previously transfected with a miR-133b inhibitor do not exhibit
changes in neurite morphology after MSC-MV treatment. The changes in neurite number
and length seem to result from the targeting and inhibition of the small GTPase RhoA, a
known inhibitor of neurite growth, by miR-133b.70

MVs and embryonic stem cells
Because of their potential use in medical applications, ESCs have been extensively studied
in the past decade, although MVs released from ESCs (ESC-MVs) have not attracted wide
interest. ESC-MVs contain mRNA encoding Oct4, Sox2, and Rex1, which are key genes for
pluripotency, as well as the Oct4 protein.72 After incorporation of ESC-MVs, hematopoietic
progenitor cells translate mRNA encoding Oct4, the master transcription factor for
pluripotency, although this has not been shown to result in pluripotency of the recipient
cells. A subset of miRNAs can be transferred to irradiated fibroblasts via ESC-MVs (Fig. 4);
specifically, several miRNAs of the miR-290 cluster, which are the most abundant miRNAs
in ESCs73 and are involved in ESC-specific rapid cell cycle regulation, were found to have
transferred to the fibroblasts 1 hour after addition of the MVs.25 The ability of MVs to
transfer miRNA and mRNA has potential implications for iPSC formation from fibroblasts.
For example, MVs from partially reprogrammed iPSCs might function in an autocrine
manner to facilitate reprogramming nearby cells within a single colony. On the other hand,
fibroblasts might secret inhibitory MVs for iPSC formation and therefore, inhibition of
fibroblast-derived MVs might promote iPSC formation. Given the recent report on the
creation of iPSCs from fibroblasts with miRNAs alone,74 albeit different miRNAs than
those found in ESC-MVs, MV-mediated delivery of miRNAs warrants further investigation
as a possible unrecognized communication process during iPSC development.

Furthermore, ESC-MVs can reprogram Müller glia cells to less-differentiated, multipotent
retinal progenitor cells.75 Through the selective transfer of members of the miR-290 cluster
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and mRNA encoding Oct4 and Sox2 to Müller cells, ESC-MVs induce drastic
morphological changes and upregulation of early retinal genes and pluripotency genes,
indicative of dedifferentiation. Although the long-term effects of the transfer and the
stability of the newly acquired phenotype were not reported, this work indicates a potential
application for the use of ESC-MVs to reprogram differentiated cells. Specifically, the
reprogramming of Müller glia cells into retinal progenitor cells by ESC-MVs could prove to
be a novel treatment for retinal diseases such as macular degeneration or cone-rod
dystrophy. Moreover, in the context of tissue regeneration, this strategy of reprogramming
quiescent tissues with ESC-MVs could be broadly applied to neurodegenerative, heart, lung,
and kidney disease.

Future perspectives
The functional significance of MVs in regenerative medicine has yet to be firmly
established. Although many studies have demonstrated that MVs isolated from various cells
are capable of supporting tissue regeneration, it is not clear whether MVs are indeed
necessary components of the regeneration process. To prove this, release or incorporation of
MVs needs to be specifically blocked in vivo, which requires deeper understanding of their
synthetic pathways, selective uptake of their contents, secretion, and incorporation by target
cells. Fortunately, possible molecular targets involved in MV biogenesis and secretion have
recently been elucidated in vitro. For instance, the GTPases Rab27a and Rab27b are
necessary for the docking of MVBs to the plasma membrane before release to the
extracellular space in several types of cancer cells.76, 77 Similarly, a role for the guanine
nucleotide exchange factor BIG2 has been demonstrated for the constitutive release of MVs
from human vascular endothelial cells.78 However, the necessity of these molecules for MV
synthesis and secretion in vivo has not yet been demonstrated.

Regardless of our understanding of MV biogenesis, the clinical benefits of MVs are already
being exploited. As of August 2013, there were 8 registered clinical trials using exosomes,
primarily in the field of cancer diagnostics and therapeutics (clinicaltrials.gov). Given the
promising results of MSC-MVs in animal models of tissue regeneration described above,
human clinical trials with MVs are also likely to be conducted in the near future. However,
several factors must be considered before the use of MVs in human clinical trials can be
realized.79, 80

First, the type of effector cargo molecule (i.e. protein, mRNA, or miRNA) and the ability of
that molecule to localize in MVs need to be determined. Proteins can be specifically targeted
to MVs through fusion to MV-enriched molecules, such as lactadherin, Lamp2b, and the
transmembrane domain of platelet-derived growth factor receptor.81–83 Additionally,
exogenous molecules, such as short interfering RNA (siRNA), can be inserted into MVs via
electroporation.81

Second, the source of membranous particles needs to be considered.75 Injection of MSCs
would ensure the long-term, continuous release of pro-regenerative MVs. However, the
large-scale production of a clinically acceptable population of MSCs could prove expensive.
Therefore, the use of purified MVs or synthetic liposomes could be preferable in a clinical
setting. One benefit of using purified MVs is that they are empirically known to contain the
necessary components to dock with and be incorporated into injured tissues to promote
regeneration. The specific molecules responsible for these effects are largely unknown;
therefore, at this time using cell-derived MVs would be superior to synthetic liposomes.
However, once these molecules are uncovered, large-scale production of synthetic
liposomes enriched with these molecules would be more cost effective and safer than
injection of living cells.

Sabin and Kikyo Page 7

Transl Res. Author manuscript; available in PMC 2015 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Third, targeting of MVs to specific tissues is a critical determinant for therapeutic efficacy.
Tissue-specific differences in MV incorporation have been reported. For example, MSC-
MVs are incorporated into renal epithelial cells via a CD44- and CD29-dependent pathway,
whereas incorporation of EPC-MVs into human microvascular endothelial cells is dependent
on the presence of α4 integrin and CD29.46, 54 Target-specific molecules have been used in
delivering MVs to neural tissues for therapeutic use. For example, dendritic cells were
genetically engineered to express the rabies virus glycoprotein, which specifically targets
neural tissues, fused to the MV-enriched molecule Lamp2b.81 MVs were isolated from these
genetically manipulated dendritic cells and loaded with an siRNA targeting BACE2, a
common therapeutic target in Alzheimer’s disease. Subsequent injection of these targeted
MVs into mice facilitated the knockdown of BACE2 expression only in neural tissues.
Depending on the target tissue, parent cells would need to be chosen based on the
endogenous levels of specific targeting molecules or would need to be genetically
manipulated to express the targeting molecules.

Lastly, genetic manipulation of the parent cells could be used to enrich MVs with
therapeutic cargo. A potential novel application of this technology would be the MV-
mediated delivery of a defined set of mRNAs to damaged tissues, with the aim of
regenerating the tissues by reprogramming resident cells, such as fibroblasts. A cocktail of
several transcription factor genes can reprogram fibroblasts into various types of
differentiated cells in vivo.84 For example, injection of a specific combination of 3 or 4
cardiac transcription factor genes into an infarct area can convert cardiac fibroblasts into
cardiomyocytes in situ, improving cardiac function after infarction.85–87 Similarly,
pancreatic exocrine cells can be converted to β cells with 3 β-cell–specific transcription
factor genes in only 3 days, ameliorating hyperglycemia in a mouse model of diabetes.88

Therefore, MVs purified from the culture medium of MSCs that overexpress these genes
could act as a novel delivery vector for fragile mRNAs protected from physical and
chemical damage. Another application would be to inject the engineered MSCs, expecting
that these cells would deliver the MVs to the diseased tissues. The in situ reprogramming
approach could be used to treat a variety of diseases including cardiovascular,
neurodegenerative, and musculoskeletal disease and diabetes. Although the role of MVs in
regenerative medicine is still in its infancy, the use of MVs to stimulate tissue repair
provides novel and exciting possibilities.
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Abbreviations

AKI acute kidney injury

BrdU 5-bromo-2′-deoxyuridine

CPC cardiomyocyte progenitor cell

EGFRvIII epidermal growth factor receptor variant III

EMMPRIN extracellular matrix metalloproteinase inducer

EPC endothelial progenitor cell
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ESC embryonic stem cell

FasL Fas ligand

HGF hepatocyte growth factor

HLSC human liver stem cell

iPSC induced pluripotent stem cell

MSC mesenchymal stem cell

MV microvesicle

MVB multivesicular body

siRNA short interfering RNA

TGF-β transforming growth factor β

VEGF vascular endothelial growth factor
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Figure 1. Synthesis and release of microvesicles
(A) Synthesis of exosomes during the process of endocytosis. Exosomes arise from early
endosomes through the invagination of the endosomal membrane to form intraluminal
vesicles within multivesicular bodies. The intraluminal vesicles are then released as
exosomes.
(B) Synthesis of microparticles independently of endocytosis. Increases in intracellular Ca2+

activate key enzymes, leading to the dynamic redistribution of phospholipids and membrane
budding.
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Figure 2. Examples of microvesicle-mediated transfer of protein and RNA
(A) FasL on microvesicles from tumor cells binds to Fas on T cells, causing T cell apoptosis
and resulting in tumor progression.
(B) Transfer of the oncogenic receptor EGFRvIII into glioblastoma cells causes more
aggressive growth of the cells.
(C) Activated T cells transfer miRNAs into antigen-presenting B cells, modulating their
immune response.
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Figure 3. Kidney regeneration by the microvesicles released by mesenchymal stem cells and
endothelial progenitor cells
(A) Microvesicles derived from mesenchymal stem cells (MSCs) inhibit apoptosis and
stimulate proliferation of renal tubular epithelial cells. Microarray analysis of microvesicle
RNA detected 239 mRNA species, including species with the functions described at the
right.
(B) Microvesicles released from endothelial progenitor cells (EPCs) induce quiescent
endothelial cells to reenter the cell cycle and form blood vessels. In addition to mRNA
species, miRNAs are also transferred by the microvesicles.
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Figure 4. Potential dedifferentiation induced by microvesicles derived from embryonic stem cells
Embryonic stem cell (ESC)-specific components of microvesicles, including the abundant
miR-290 cluster, potentially affect the cell cycle regulation of fibroblasts and induce
dedifferentiation of Müller glia cells.
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