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Abstract

Stem cells use a variety of mechanisms to help maintain their pluripotency, promote self-renewal,
as well as at the appropriate time, to differentiate into specialized cells. One such mechanism that
is attracting significant attention from the stem cell, development, and regenerative medicine
research communities involves a form of intercellular communication, specifically, the ability of
cells to form and release non-traditional membrane-enclosed structures, referred to as extracellular
vesicles (EVs). There are two major classes of EVs, microvesicles (MVs), which are generated
through the outward budding and fission of the plasma membrane, and exosomes which are
formed as multivesicular bodies (MVBs) in the endo-lysosomal pathway that fuse with the cell
surface to release their contents. While they differ in how they are formed, both MVs and
exosomes have been shown to contain a diverse array of bioactive cargo, such as proteins, RNA
transcripts, microRNAs, and even DNA, which can be transferred to other cells and promote
phenotypic changes. Here, we will describe what is currently known regarding EVs and the roles
they play in stem cell biology and different aspects of early development. We will also highlight
how the EVs produced by stem cells are being aggressively pursued for clinical applications,
including their potential use as therapeutic delivery systems and for their regenerative capabilities.
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Stem cells generate different classes of extracellular vesicles containing bio-active cargo. These
vesicles are transferred to other cells and promote phenotypic changes. Stem cell extracellular
vesicles have been shown to play important roles in development and cellular reprogramming.
They are also being pursued for clinical applications, including their potential use as a drug
delivery system and for their regenerative capabilities.

Introduction

Extracellular vesicles (EVs) represent a mechanism of intercellular communication that
involves the ability of cells to form and release multiple distinct types of non-classical
vesicles. Due to the diversity of their contents, as well as their ability to impact an ever-
increasing number of biological and pathological processes, EVs are attracting a great deal
of attention from both basic and translational researchers, as well as the pharmaceutical
industry [1,2]. Generally speaking, EVs can be divided into one of two major classes, based
on their size and the mechanism underlying their biogenesis. One class of EVs is most often
referred to as microvesicles (MVs), although in some cases, MVs have also been called
ectosomes, shedding vesicles, large EVs, and when generated by cancer cells, oncosomes.
These vesicles generally range from 0.2 pm up to 0.5 um in diameter and are generated by
the outward budding and fission of the plasma membrane. Exosomes make up the second
major class of EVs. These EVs are typically 50-150 nm in diameter and are derived from
the endo-lysosomal pathway. In particular, multivesicular bodies (MVBs) containing
intraluminal vesicles (ILVs) within this pathway are typically trafficked to the lysosome
where they are degraded. However, some MVBs escape this fate and are instead trafficked to
the cell surface. The MVBs then fuse with the plasma membrane and release their contents
which includes exosomes into the extracellular environment [3-5]. While the specific
contents of MVs and exosomes can differ greatly depending on their cell of origin, some of
the more common types of EV cargo includes cell surface and cytosolic signaling proteins,
extracellular matrix proteins, growth factors, transcription factors, metabolic enzymes, DNA
and RNA-binding proteins, as well as RNA transcripts, microRNAs and genomic DNA
[6,7].

As with any young and rapidly developing field, there are currently far more questions about
EVs than answers. Among the most pervasive of these questions concerns the mechanisms
that control MV and exosome formation and release, as well as how are they loaded with
cargo, whether they can be targeted to specific tissues, and how generally important are they
in biology. However, with every passing month, this form of intercellular communication is
being implicated in another physiological or pathological process. Thus, efforts are now
being made to develop better approaches to isolate MVs and exosomes from biological
solutions (i.e., blood). This has also led the International Society of Extracellular Vesicles
(ISEV) to publish the Minimal Information for Studies of Extracellular Vesicles (MISEV
2018), which provides guidelines for researchers to follow when studying EVs [8].

It was not long ago that EVs were thought to be generated primarily by diseased or stressed
cells, especially cancer cells, where they have been shown to promote many aspects of
cancer progression. There are several good reviews that focus on this aspect of EV biology
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[3,9,10]. However, more recent findings have led to the appreciation that most, if not all,
types of cells are capable of producing EVs, where they have been shown to regulate various
physiological processes [11,12]. The EVs produced by stem cells have been suggested to be
important for embryonic development, however, they also are being examined for their
potential clinical applications. In this review, we will highlight some of the roles played by
EVs in early development and their possible implications in regenerative medicine and
cellular reprogramming.

Roles of Stem Cell-derived EVs in Early Development

EVs and Implantation

Embryo development is a tightly regulated process. Following the fertilization of an egg, the
embryo begins to undergo a series of rapid cell divisions until it reaches the blastocyst stage
(Figure 1). It is at this point that the embryo undergoes its first of many differentiation
processes, forming two distinct cell types. Trophoblasts are one of the cell types formed, and
are essential for adhering and invading into the uterine wall of the mother, a process referred
to as implantation. The “implanted” trophoblasts go on to develop into the fetal membrane
of the placenta. The trophoblasts surround the second cell type that makes up the blastocyst,
namely embryonic stem cells (ESCs). These cells reside in a structure referred to as the
inner cell mass (ICM) and will go on to give rise to the entire organism. Any errors that
occur during this sequence of events can have detrimental consequences on the pregnancy,
such as the preimplantation death of the embryo or preeclampsia [13,14].

Considered the first major physical embryo-maternal interaction, successful implantation
requires synchronized communication between an embryo that has developed to the
blastocyst stage and a receptive uterus [15]. Such coordination is thought to be regulated
primarily by soluble factors secreted by maternal tissues. For example, transforming growth
factor-beta 1 (TGF-B1) produced and secreted by the endometrium was shown to stimulate
fibronectin production in trophoblasts and enhance their ability to adhere to the
endometrium during implantation [16]. The expression of the cytokine leukemia inhibitory
factor (LIF) is similarly increased in the mouse endometrial epithelium during early
pregnancy, and the absence of sufficient amounts of LIF during this time significantly
inhibited the rates of successful implantations [17,18]. In addition to soluble factors
mediating communication between the mother and embryo during implantation, the EVs
produced by maternal organs also potentially contribute to this process (Figure 1A). For
example, it has been shown that endometrial epithelial cells treated with the hormones
estrogen and progesterone begin to generate EVs. When these vesicles were isolated and
then used to treat cultures of trophoblasts, the cell adhesion protein focal adhesion kinase
(FAK) became activated and the adhesive capacity of the trophoblasts was increased,
suggesting that EVs generated by maternal tissues may play a role during the implantation
process [19,20].

Recent evidence from our laboratory suggests that EVs produced by embryonic tissues can
play roles in promoting implantation as well. We showed that ESCs shed large quantities of
MVs, the class of EVs generated by the outward budding and fission of the cell surface.
These MVs were shown to be efficiently transferred to trophoblasts, where they increased
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the activation of FAK and c-Jun N-terminal kinase (JNK), and enhanced their ability to
migrate (Figure 1B). The effects of the MVs were shown to be mediated by the large
amounts of two extracellular matrix proteins, laminin and fibronectin, that were found
decorating the surfaces of the MVs. The MV-associated fibronectin and laminin activated
integrins expressed on the surfaces of trophoblasts. This led to the signaling changes (i.e.,
increased JNK and FAK) necessary for promoting cell migration. Importantly, we took our
findings one step further by showing that injecting MVs isolated from ESCs into blastocysts
was sufficient to increase their rates of implantation [12].

EVs and Embryo Development

There have been indications that embryos generate signals to communicate with each other.
For example, it has been well-documented that the viability and successful development of
an embryo in culture is significantly increased when placed together with other embryos, as
opposed to being cultured individually [21,22]. Even though the factors secreted by embryos
that are responsible for this effect have not yet been identified, it is intriguing to consider
that EVs may be involved. One line of evidence supporting this idea comes from a study
aimed at developing approaches to increase the viability of cultured embryos, in order to
better the chances of having a successful pregnancy. Using bovine somatic cell nuclear
transfer (SCNT) embryos as a model, it was found that culturing the embryos without
replacing their culture medium significantly improved their overall health, enhanced
blastocyst formation, and increased the probability of having a successful pregnancy
following embryo transfer, compared to embryos that had their medium replaced regularly.
While investigating how these effects were mediated, the conditioned medium obtained from
the SCNT embryos was shown to contain exosome sized vesicles that were positive for CD9,
a classic EV marker. Interestingly, when these exosomes were added to embryos that were
having their growth medium regularly replaced, a noticeable improvement in the health and
development of the embryos was observed [23].

A role for embryo-derived EVs in promoting embryo viability and development was
suggested in another study. Here, the authors were trying to determine why co-culturing
cloned embryos with parthenogenetic embryos (i.e., embryos from an unfertilized egg cell)
improved the development of cloned embryos. They discovered that this effect was, at least
in part, potentially mediated by EVs generated by the parthenogenetic embryos, showing the
presence of particles expressing the exosomal marker CD9 in the conditioned medium
collected from cultures of these embryos. What made these findings particularly interesting
was the fact that the embryo-derived EVs contained RNA transcripts that encoded several
pluripotency genes, including Oct3/4, Sox2, KIf4, c-Myc, and Nanog. The internalization of
EVs by the recipient embryos, and the accompanying increase in the mRNA levels of
pluripotency genes, when co-cultured with the conditioned medium from parthenogenetic
embryos, led the authors to suggest that EVs represented a mechanism by which
communication occurred between embryos [24].
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The Therapeutic Potential of EVs Generated by Stem Cells

EVs in Regenerative Medicine

In addition to the roles being played by EVs in different aspects of development, the EVs
generated by stem/progenitor cells are also being aggressively pursued for their potential use
in therapeutic applications. The concept underlying regenerative medicine involves repairing
or replacing damaged and diseased tissues, such that they regain as much of their original
functions as possible. Mesenchymal stem cells (MSCs) are the most widely used cell type
for cell transplantation-based treatments, because of their ability to differentiate into
multiple lineages, as well as the ease in which they can be isolated from different tissue
sources and propagated [25,26]. MSCs derived from bone marrow, adipose tissue, muscles,
and ESCs [25-39] are currently being used to treat various diseases and conditions, such as
myocardial ischemia, stroke, and musculoskeletal disease, with the idea being that the
transplantation of MSCs near the sites of damaged tissue results in their differentiation and
reconstitution of the tissue, such that it regains functionality. For example, percutaneous
injection of bone marrow-derived MSCs into the damaged myocardium in a pig model of
myocardial ischemia reduced the extent of necrosis, promoted the regeneration of contractile
myocardium, and improved overall cardiac function [27].

However, despite the therapeutic benefits of engrafting MSCs near diseased/damaged
tissues, the MSCs were rarely observed infiltrating the tissue, as would be expected if they
promoted recovery by reconstituting the diseased/damaged tissues. Moreover, changes in the
damaged site were often detected after only a few hours of MSC transplantation, which was
not sufficient time for the MSCs to have undergone differentiation [28]. These findings
suggest that the MSCs were not directly responsible for their therapeutic benefits, but rather
that these effects might be mediated by factors secreted by the stem cells. Consistent with
this idea, several groups showed that treatment of damaged tissues with the conditioned
medium collected from cultures of MSCs was sufficient to recapitulate the effects of
transplanting the cells. With regard to acute myocardial infarction, Gnecchi et al. showed
that culturing adult rat ventricular cardiomyocytes with the conditioned medium from rat
bone marrow-derived MSCs, that were engineered to overexpress the growth and survival-
promoting kinase Aktl, protected the cardiomyocytes from hypoxia-induced apoptosis. The
same conditioned medium was also shown to limit infarct size and improve ventricular
function in rat models of myocardial infarction to a similar extent as injecting MSCs [29,30].
Similar benefits were achieved when using the conditioned medium from MSCs to treat
other disease models, such as lung ischemia-reperfusion injury [31], inflammatory arthritis
[32], and renal tubulointerstitial fibrosis [33].

Efforts were then undertaken to identify the components in the MSC conditioned medium
that were responsible for these effects. Using a porcine model of ischemia and reperfusion
injury, it was discovered that the cardioprotective effects of the medium were primarily
mediated by a fraction that contained proteins and/or structures with a molecular weight of
at least 1000 kDa, and 50 nm or greater in diameter [34]. Interestingly, both MVs and
exosomes would be expected to be contained in this fraction. Indeed, a follow-up study that
built upon these initial findings found that the >1000 kDa fraction of the conditioned
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medium contained 50-100 nm sized particles that were positive for the EV markers, CD?9,
CD81, and Alix [35]. Likewise, the EVs generated by MSCs were also shown by different
groups to be able to recapitulate the therapeutic benefits of the conditioned medium using a
variety of disease models (Figure 2, left side), such as renal ischemia-reperfusion injury
[36], stroke [37], and liver fibrosis [38].

Given these findings, efforts are now turning towards identifying the cargo associated with
EVs that is responsible for their regenerative properties. MicroRNAs (miRNAS) are
becoming increasingly recognized as bio-active cargo likely to play an important role. In the
context of a renal ischemia-reperfusion injury model, it was shown that EVs derived from
MSCs mediated the transfer of miR-30 to renal tubular epithelial cells. The increase in the
cellular level of miR-30 altered the expression of dynamin-related protein 1 (DRP1), a key
regulator of mitochondrial fission, and inhibited the characteristic mitochondrial
fragmentation and apoptosis associated with this type of injury [36]. The transfer of
miRNAs from EVs to recipient cells was also shown to be important for helping alleviate the
complications associated with certain types of liver disease. Specifically, a rodent model of
CCl4-induced liver fibrosis has been developed and is characterized by the formation of
large collagen deposits, which leads to structural and functional disruption of the liver [39].
However, when these animals were treated with EVs derived from MSCs, the extent of liver
fibrosis was reduced. The underlying mechanism responsible for this effect was identified
and involved the transfer of miR-122 from the EVSs to the hepatic stellate cells in the liver.
The presence of miR-122 in the cells was shown to inhibit the expression of genes that are
known to promote collagen synthesis, such as insulin-like growth factor receptor 1 (IGFR1),
cyclin G1, and prolyl-4-hydroxylase alpha 1. The corresponding reduction in collagen
expression resulted in a loss in the collagen deposits and helped preserve liver function [38].

EVs as a Therapeutic Delivery System

EVs are also being examined for their potential as therapeutic vehicles (Figure 2, right side).
The EVs generated by stem cells, particularly MSCs, have been isolated and loaded with a
variety of therapeutic cargo including RNA transcripts, SIRNAs, miRNAs, and drugs. Two of
the more commonly used approaches to load cargo into isolated EVs are passive diffusion
and electroporation. The loaded EVs are then being administered to patients with various
conditions. In this context, EVs have been shown to be taken up by diseased or damaged
cells, resulting in their delivering a dose of the therapeutic cargo [40-42].

EVs offer several potential advantages as a therapy delivery system over the more
conventional synthetic liposome-based approaches being developed. One such advantage is
that EVs are more efficiently taken up by diseased cells, compared to synthetic liposomes.
This is thought to be due to the surface composition of the EVs, which includes the presence
of various adhesion proteins, i.e. tetraspanins, integrins, and extracellular matrix proteins
[1,12,43]. These proteins are thought to help EVs accumulate in specific tissues, raising the
possibility that they can be used for targeted therapy approaches. Indeed, efforts to modify
the surface composition of EVs to target them to specific locations within the body are
currently being undertaken [43]. Being derived from natural sources of the body, another
advantage of using EVs to deliver specific cargo is reduced immunogenicity and toxicity
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[44]. Moreover, EVs are able to cross biological barriers, such as the blood-brain barrier
(BBB), and to have a longer half-life in the circulation by avoiding first-pass metabolism in
the liver [45].

Recently, MSC-derived EVs have been indeed shown to efficiently deliver siRNAs for the
treatment of an animal model of pancreatic cancer. Exosomes from MSCs were
electroporated with siRNAs targeting the oncogenic KRas (G12D) mutants. Addition of the
MSC-derived engineered exosomes to a human pancreatic cancer cell, Panc-1, induced cell
apoptosis. Moreover, upon introducing these exosomes into a patient-derived xenograft
model expressing oncogenic KRas (G12D), they increased the survival of the mice and
reduced their metastatic burden [46].

One of the limitations of using EVs as a therapy system is the inability to isolate large
quantities of vesicles, which would be necessary to treat patients in a reproducible manner.
However, MSCs have been shown to generate more EVs, compared to other cell types,
making them an attractive source of vesicles for therapeutic applications [46]. There has
been a huge effort directed at developing new approaches to efficiently improve the yield of
EVs on a large scale. This includes changing the composition of the culturing medium or the
culturing condition, such as using the Integra CELLine culture system. This system allows
for a constant collection of EVs from the medium, while continuously replenishing nutrients
to the cells [47]. If the challenge of isolating large amounts of EVs is met through these
approaches, it will accelerate the therapeutic applications of EVs as a drug delivery system.

EVs and Cellular Reprogramming

Another aspect of EV research that has been gaining momentum is their potential use in
cellular reprogramming (Figure 3). This idea is largely based on the findings that EVs
derived from cancer cells often cause recipient cells to acquire several of the characteristics
of transformed cells, including promoting their ability to survive and grow under anchorage
independent conditions [3]. Thus, it was logical to consider that EVs isolated from stem/
progenitor cells might cause recipient cells to maintain or acquire at least some of the
characteristics of stem cells, i.e. express stemness promoting proteins, by transferring factors
that are involved in promoting pluripotency, such as RNA transcripts that encode stem cell
markers, including the master stemness regulator Oct3/4 [48,49].

The ability of EVs to mediate the transfer of stemness-promoting cargo to recipient cells was
first demonstrated by Ratajczak et a/. in 2006. In this study, the EVs produced by both
mouse and human ESC lines were shown to contain pluripotent proteins and/or RNA
transcripts that encoded pluripotent proteins, including Oct3/4, Wnt-3, Rex-1, Nanog, SCL,
and GATA-2. The treatment of murine hematopoietic progenitor SKL cells with these EVs
resulted in the activation of mitogen-activated protein kinase (MAPK) p42/44 and Akt
protein kinases, and increased the expression of Oct3/4 in the SKL cells. The EVs were also
shown to enhance the survival and self-renewal capabilities of these cells [48].

These findings were reinforced by a study showing that EVs derived from ESCs contained
the RNA transcripts encoding Oct3/4 and Sox2, as well as miRNAs of the 290 cluster which

Stem Cells. Author manuscript; available in PMC 2021 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hur et al.

Page 8

are known to regulate the cell cycle. When these vesicles were used to treat Miller cells, a
type of retinal progenitor cells, their cargo was detected in the cells. Moreover, microarray
analysis performed on the EV treated cells showed that the expression levels of genes and
miRNAs involved in the maintenance of pluripotency and promotion of cell growth, such as
Lin28 and LIF, were upregulated, while the expression of genes and miRNAs involved in
promoting differentiation and cell cycle arrest (i.e., GATA4 and miR-let-7 cluster) were
downregulated [49].

Although there are several lines of evidence that point to EVs being able to help enhance
stemness-related phenotypes in progenitor cells, what continues to be unclear is whether
EVs from stem cells can actually cause a differentiated cell to become a stem cell, a process
referred to as induced pluripotency. The ability to convert a fully differentiated cell type into
a bona fide stem cell was first achieved by Yamanaka and colleagues. They discovered that
introducing four pluripotency-related transcription factors, Oct3/4, Sox2, Klf4, and c-Myc,
into fibroblasts by viral infection reprogrammed the cells to a pluripotent state. In this case,
the reprogrammed cells showed all of the genetic and epigenetic changes typically
associated with stem cells, including increased expression of the pluripotent stem cell
marker Oct3/4, and changes in the acetylation and methylation status of specific promoter
regions. Importantly, these stem cells could be re-differentiated into various cell lineages,
proving that this approach can be used to generate patient-specific cells with a low risk of
generating an immune response [50].

Since EVs derived from ESCs have been shown to contain proteins that promote stemness or
RNA transcripts that encode markers of pluripotency, we and others are becoming interested
in determining whether the EVs generated by ESCs can cause fully differentiated cells to
undergo cellular reprogramming and become stem cells (Figure 3). If so, this approach
would have several advantages over the conventional method for inducing pluripotency,
including a decreased risk of chromosomal instability, since neither lentivirus nor retrovirus
mediated expression would be used. Therefore, the use of EVs to induce pluripotency raises
new and exciting possibilities for regenerative medicine.

Conclusion

The field of EV biology has undergone a major transformation over the last decade. Not
long ago, the formation and release of MVs and exosomes from cells were considered
specialized processes carried out by a subset of highly aggressive cancer cells. However, it is
now recognized that EVs are released by virtually all cells as a mechanism for
communicating with their surroundings. Because EVs have been implicated in several
different physiological and pathological processes, researchers from diverse fields are now
considering how EVs might play important roles in diverse areas of biology. One such field
where EVs are just beginning to be appreciated is stem cell biology. The mounting evidence
suggests that EVs generated by stem cells contribute to different aspects of early
development, and their unique characteristics are being taken advantage of for potential
applications in regenerative medicine and cellular reprogramming.
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However, there are still many questions to be answered. Foremost among them is whether
the distinct classes of EVs generated by stem cells (i.e., MVs versus exosomes) have distinct
roles. Several groups have shown that MVs and exosomes are often enriched with specific
cargo, suggesting that each class of EV may influence recipient cells in a distinctive manner.
Moreover, there are suggestions that sub-classes of both MVs and exosomes exist [51], and
how these EVs are formed and function will warrant significant investigation in the
upcoming years.

Another important area of future study will be to determine the mechanism used by stem
cells to generate MVs and exosomes. Recently, it was discovered that the NAD*-dependent
lysine deacetylase sirtuin 1 (Sirt1) is an important regulator of exosome biogenesis in breast
cancer cells. Downregulation of Sirtl expression impaired lysosomal pH and its activity, and
as a consequence, resulted in more MVBs fusing with the plasma membrane and releasing
exosomes, as opposed to fusing with lysosomes where their exosomal contents are degraded
[52].

Interestingly, several groups found that Sirtl is involved in early development as well. For
example, in the absence of Sirtl, trophoblast stem cells showed defects in their ability to
properly undergo differentiation, being trapped in a trophoblast progenitor state. Moreover,
placental tissue derived from Sirt1-null mice showed morphologic abnormalities [53]. As
these findings demonstrate the essential role of Sirtl in early development, where stem cell-
derived EVs have been shown to be involved, they might suggest the potential implication of
Sirtl in the biogenesis of stem cell EVs as well as cancer cell EVs. Answers to these
questions will pave the way toward using stem cell derived-EVs in a variety of future
research and therapeutic applications.
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Significance Statement

The ability of cells to communicate with their surroundings by producing different
classes of extracellular vesicles is known to play important roles in physiological and
pathological processes. Here, we will highlight what is known about this form of cell
communication in the context of stem cell biology.
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Figure 1.
EVs are produced by various embryonic and maternal tissues. (A) The uterine epithelium of

the mother generates EVs that promote the attachment of blastocyst-stage embryos to the
uterus. (B) The EVs formed by ESCs in the inner cell mass (ICM) of blastocysts have been
shown to be taken up by the surrounding layer of trophoblasts. The ability of the
trophoblasts to migrate and invade into the uterine lining (i.e., a process referred to as
implantation) is enhanced by the EVs. (C) The co-culturing of embryos has been shown to
increase embryo development and viability, processes that are mediated by EVs.
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Figure 2.
The therapeutic potential of EVs produced by stem cells. The EVs isolated from

mesenchymal stem cells (MSCs) have been used to treat various mouse models of disease.
These vesicles have been shown to help repair damaged tissues, such that they regain at least
a portion of their original function (left side). EVs from stem cells can also be used as a drug

delivery system. In this case, the EVs from MSCs are loaded with various types of

therapeutic cargo before being administered to the diseased animals. The EV-mediated

delivery of therapeutic cargo promotes recovery (right side).
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Figure 3.
The EVs from ESCs can potentially induce pluripotency. The EVs isolated from ESCs have

been shown to contain several different pluripotent markers, including the master regulator
of pluripotency, Oct3/4. Thus, it is possible that the EVs generated by stem cells could
convert differentiated cells into stem cells (i.e., inducing pluripotency), providing a novel
way of generating stem cells for regenerative approaches.
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