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Abstract Increasing evidence suggests that stem cells or stem cell-derived cells may contribute to tissue repair, not only
by replacing lost tissue but also by delivering complex sets of secretory molecules, called secretomes, into host injured
tissues. In recent years, extracellular vesicles (EVs) have gained much attention for their diverse and important roles in a
wide range of pathophysiological processes. EVs are released from most types of cells and mediates cell-cell commu-
nication by activating receptors on target cells or by being taken up by recipient cells. EVs, including microvesicles and
exosomes, encapsulate and carry proteins, nucleic acids, and lipids in the lumen and on the cell surface. Thus, EV-mediated
intercellular communication has been extensively studied across various biological processes. While a number of inves-
tigations has been conducted in different tissues and body fluids, the field lacks a systematic review on stem cell-derived
EVs, especially regarding their roles in stemness and differentiation. Here, we provide an overview of the pathophysio-
logical roles of EVs and summarize recent findings focusing on EVs released from various types of stem cells. We also
highlight emerging evidence for the potential implication of EVs in self-renewal, differentiation, and reprograming and
discuss the benefits and limitations in translational approaches.
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1 Introduction

Stem cells, including embryonic stem cells (ESCs) [1],
tissue-specific stem cells (TSCs) [2], and induced
pluripotent stem cells (iPSCs) [3], have the capacity to self-
renew and differentiate into various different cell types.
Extensive global studies over the past two decades have
investigated the therapeutic potential of stem cells across a
wide range of degenerative diseases, including nerve
degeneration, cardiac diseases, liver failure, and retinal
degeneration [4]. Despite much progress in stem cell
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therapies, delivery of cells into the body remains limited
due to poor survival of grafted cells, immune rejection,
tumor formation, genetic instability, limited cell supply,
and ethical concerns [5]. Promising technological advan-
ces, including cellular reprogramming, genome editing, 3D
organoid generation, and biomaterial engineering offer
hope for overcoming these current drawbacks. However,
alternative approaches based on the indirect therapeutic
potential of stem cells may offer a safer and more effective
modality that can overcome the challenges of cell-based
therapy.

Recent evidence suggests that stem cells or stem cell-
derived cells contribute to tissue repair, not only through
lost tissue replacement but also through delivery of para-
crine signals into injured host tissues [6]. Mechanistically,
mesenchymal stem cells (MSCs) are though to exert a
regenerative effect by promoting neovascularization and
cell proliferation or by modulating immune responses via
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paracrine signaling [7]. Moreover, repair effect of cardiac
stem cell transplantation is caused by paracrine effects
rather than differentiation capacity of the stem cells [8].
Additionally, we showed that only a single injection of
secreted factors from human ESC-derived hepatocytes (i.e.,
secretome, referred to as a complex set of secretory
molecules), but not cell transplantation, was necessary to
promote endogenous regeneration of injured liver tissues
[9]. Additionally, we found that the secretome of umbilical
cord-derived MSCs attenuates liver fibrosis by inhibiting
TGF-p signaling in mice with hepatic fibrosis [10]. Addi-
tionally, previous studies on human PSC-derived car-
diomyocytes [11] and endothelial cells [12] speculated
about the therapeutic contributions of stem cell-derived
paracrine signals. Together, these findings raise the possi-
bility that stem cells synthesize and release therapeutic
signals. Identification of these beneficial secretory factors
has been hampered by the challenges of analysis of the
enormous spectrum of stem cell-derived signals as well as
batch-to-batch variations in secretome profiles.

Likely mediators of the beneficial paracrine effects of
stem cell secretomes are extracellular vesicles (EVs) [13].
EVs can play important roles in regeneration of various
tissue through modulation of apoptosis, inflammation,
proliferation, and angiogenesis by delivering their internal
cargo in a paracrine mode of action [14, 15]. In this review,
we explore the idea that the therapeutic effects of stem
cells may be mediated by EVs released from stem cells or
their progeny. Here, we summarize research updates on
stem cell EVs in diseases, stemness, and differentiation,
and discuss their potential applications and limitations
related to regenerative medicine.

2 EVs: an overview

EVs are non-replicable, membrane-encapsulated particles
released from most types of cells [16]. Although EVs were
first recognized as “trash cans” to move unusable proteins
to the outside of cells [17], they are now appreciated as
crucial tools for intercellular communication. EVs are
classified into exosomes, microvesicles (MVs), and apop-
totic bodies based on their size or mechanism of generation
(Fig. 1A). Exosomes are released by the fusion of multi-
vesicular bodies with the plasma membrane [18], while
MVs are directly shed from the plasma membrane, and
apoptotic bodies are derived from blebbing of apoptotic
cells [19]. The release of EVs into the intercellular space
mediates communication either through release of EV
cargo into tissue microenvironments or through activation
of receptors on recipient cells by ligands displayed on the
EV surface. Additionally, EVs can be taken up by specific
recipient cells and release their cargo intracellularly, which
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allows for communication to only targeted cells [20]. EV-
mediated communication is not confined to local tissues, as
EVs exist in systemic circulation and deliver their contents
to distant tissues [21], even across the blood-brain barrier
[22]. EVs can be detected in many types of body fluids,
including saliva, breast milk, semen, systemic circulation,
urine, synovial fluid, and amniotic fluid [23]. EVs contain
various types of proteins and nucleic acids, such as double-
stranded DNA, mRNA, miRNA, and long non-coding
RNA, and display conventional markers such as CDO9,
CD63, or CD81 in the membrane and TSG101, alix, flo-
tillin-1/2, or heat shock protein 70 in the lumen (Fig. 1A)
[16]. A schematic summary of the biogenesis, action
modes, and cargos of EVs is shown in Fig. 1A. With
diverse cargoes, EVs have been known to conduct many
biological roles as discussed below.

2.1 Pathophysiological functions of EVs

The contents of EVs vary based on cell type of origin, and
various types of cargo molecules within EVs can modulate
biological process in recipient cells. For example, dendritic
cell (DC)-derived EVs have MHC class I, MHC class 1I,
and CD86 on their surface, which are involved in T cell
activation [24]. Glioblastoma-derived EVs deliver mRNAs
associated with cell proliferation or migration to target
cells and the mRNAs are translated in recipient cells [25].
Additionally, MSC-derived EVs, like MSCs, can promote
angiogenesis by transferring miRNA into endothelial cells
[26].

EVs participate in various physiological and pathologi-
cal processes across a wide spectrum of diseases (Fig. 1B)
[27]. During inflammation, EVs play multiple roles in
regulating both pro- and anti-inflammatory responses. For
example, EVs derived from pro-inflammatory phagocytes,
such as M1 macrophages [28] and mature dendritic cells
[29] can recruit phagocytes and activate their pro-inflam-
matory phenotypes. In contrast, M2 macrophage- [28] or
activated neutrophil-derived EVs [30] inhibit inflammation
by inducing secretion of anti-inflammatory cytokines.
Likewise innate immunity, adaptive immune cells are
regulated by exosome for both activation and suppression
[24, 29, 31]. EVs can either promote or attenuate chronic
inflammation under disease conditions. In obese subjects,
microRNA-34a in adipocyte-derived EVs suppresses
polarization of adipose-resident macrophages into an M2
phenotype through Kif4 repression, which further aggra-
vates obesity-induced inflammation [32]. Moreover, in
colitis, T regulatory cells decrease inflammation by
releasing miRNAs through EVs to suppress the activity of
T helper 1 cells, which promote inflammation [33].

EVs also play a role in aging, as senescent cells release
increased number of EVs, and the ability for EV uptake
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Fig. 1 Schematic of the diverse roles of EVs modulating pathophys-
iological and cellular processes. A Biogenesis, potential cargos, and
action modes of EVs (microvesicles, exosomes, and apoptotic
bodies). Exosomes are formed in early endosomes, which subse-
quently produce MVBs. MVBs release exosomes into the extracel-
lular space by exocytosis. Microvesicles are formed and released by
outward budding and shedding of the plasma membrane. Apoptotic
bodies are enclosed vesicles produced from apoptotic cells by
membrane blebbing. EVs mediate cell-cell communications by
activating receptors on target cells or being taken up by recipient
cells, thus releasing their cargo inside the cells. EVs are also
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transported through systemic circulation and deliver their contents to
distant tissues. B Pathophysiological implication of EVs in inflam-
mation, adaptive immunity, cancer, aging, and degenerative diseases.
C Potential roles of stem cell-derived EVs in early development of
embryos, biological processes, and stemness/differentiation of stem
cells. EVs extracellular vesicles, MVB multi-vesicular bodies, SC stem
cell, ESCs embryonic stem cells, iPSCs induced pluripotent stem
cells, MSC multipotent stem cells, 7SCs tissue-specific stem cells,
HSC hematopoietic stem cells, PSC, pluripotent stem cell, NPC
neural progenitor cells
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changes with age [34]. Chronic low-grade inflammation
exists in organisms of advanced age, known as “inflam-
maging”. Contents within EVs from aging cells are altered
toward types that promote aging progression. For example,
amounts of inflammaging-related miRNAs in EVs are
altered in patients with aging-related diseases. Mechanis-
tically, EVs from senescent endothelial cells or the serum
of aged subjects contain increased levels of annexin,
BMP2, and calcium ions, which are all associated with
vascular calcification [35, 36]. EV-enriched miRNAs from
the bone marrow (BM) of aged mice induce dysfunction of
MSCs by promoting cellular senescence [37]. On the
contrary, EVs from young individuals can have anti-aging
effects. EVs from young mice serum relieve inflammaging
in old mice, in part by rejuvenating the aged thymus [38].
Additionally, EVs secreted by neonatal umbilical cord-
derived MSCs reverse aging phenotypes of adult BM-
derived MSCs and enhance their regenerative capacity
[39].

EVs contribute significantly to the development of
degenerative diseases. In inflammatory brain injury, IL-1p-
stimulated astrocytes release EVs into circulation and
induce transmigration of peripheral immune cells into the
brain by increasing NF-kB activity through PPARo inhi-
bition [40]. EVs in Alzheimer’s disease (AD) models show
increased levels of amyloid beta42 and disrupt neuronal
homeostasis [41]. Similarly, other AD-associated proteins
spread through the brain via EVs, including o-synuclein,
tau, and prions [42]. In the liver, integrin B-enriched EVs
increase hepatic inflammation by promoting the infiltration
of pro-inflammatory monocytes into the liver parenchyma
in an animal model of non-alcoholic steatohepatitis
(NASH) [43]. Lipotoxic hepatocyte-released EVs induce
pro-fibrogenic characteristics in recipient hepatic stellate
cells (HSCs) by downregulating PPARY using miR-128-3p
[44]. Additionally, palmitic acid-treated, hepatocyte-
derived EVs induce pro-fibrotic phenotypes of HSCs,
partly by miR-192 [45]. Although additional degenerative
diseases involve EV-derived molecules, such as
osteoarthritis or atherosclerosis [46, 47], EVs have also
been shown to impact tissue regeneration in the brain,
heart, lung, liver, bone, and skin, as will be described in
more detail below [48-50].

Of particular importance, within tumors, EVs can act as
a double-edged sword by contributing to both tumor pro-
gression and regression. Tumor-derived EVs can transfer
characteristics of its origin to both tumor and non-tumor
cells. In glioma, EVs transfer oncogenic epidermal growth
factor receptor (EGFR) EGFRvVIII from EGFRvII-positive
cells to EGFRvIII-negative cells within the tumor, inducing
the display of EGFRVIII on the recipient cell’s surface [51].
Furthermore, double-stranded DNA encoding the onco-
genic gene H-ras is encapsulated in EVs and taken up by
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non-tumor cells, such as fibroblasts, which increases their
proliferation [52]. Similarly, transfer of the BCR-ABL
gene to neutrophils transforms them into malignant cells
[53]. Interestingly, a recent finding showed that EVs
obtained from indoor dust could promote lung metastasis
of a melanoma cell line in mice through induction of TNF-
o [54]. In contrast, uptake of tumor cell-derived EVs by
DCs induces CD8*' T cell-mediated anti-tumor effects, as
the DCs process and display the tumor antigen, which
consequently retards tumor growth [55]. Based on their
ability to deliver cargo to target tissues, even cross the
blood—brain barrier, EVs have been developed as promis-
ing therapeutic vehicles for cancer [56]. These results
demonstrate the critical role of EVs as molecular messen-
gers in oncogenic transformations and anti-tumor respon-
ses. Yet, these studies also underscore the need for further
molecular characterization of EVs regarding their dual
beneficial and detrimental roles in tumors before mean-
ingful progress toward translational applications can be
made.

2.2 Stem cell-derived EVs

Many stem cell types use EVs for intercellular communi-
cations, including TSCs, PSCs and other progenitor cells.
The cargo of stem cell-derived EVs contains pluripotency-
related transcription factors, mRNA, anti-inflammatory
cytokines, or miRNA, and shows beneficial effects across
different diseases and tissue damage [57-59] (Table 1).

EVs released from stem cells may also reverse the
progression of aging. A recent study revealed that miRNAs
in hypothalamic stem cell-released EVs reverse aging-re-
lated symptoms in both normal aging and htNSC-ablated
mice [60]. Long non-coding RNAs in EVs secreted from
umbilical cord-derived MSCs ameliorate aging-induced
cardiac dysfunctions via inhibition of NF-kB/TNF-a sig-
naling [61]. Additionally, autophagy-inducing, mRNA-en-
riched EVs derived from young MSCs can rejuvenate aged
hematopoietic stem cells [62]. Both human ESC- and
iPSC-derived EVs also alleviate aging-associated pheno-
types of senescent MSCs [63, 64]. These data suggest that
stem cell-derived EVs could replace the therapeutic roles
of stem cells in several cases of degenerative diseases or
tissue injuries and may have multiple advantages over
direct stem cell replacement therapies. A schematic sum-
mary of physiological implications of stem cell-derived
EVs is shown in Fig. 1C, and their therapeutic potential is
discussed in more detail below.
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Table 1 Therapeutic implications of stem cell-derived EVs
Type of disease Donor cells Recipient cells Major Key contributors or Functions Ref.
cargoes pathways
Stroke MSCs (rat, NPCs, neurons, miR-17-92 Regulation of Increase neurogenesis, [65-67]
human) oligodendrocytes, cluster PTEN expression angiogenesis,
endothelial cells, Phosphorylation oligodendrogenesis, neurite
immune cells (rat, of Akt, mTOR, remodeling and neural
mouse) GSK-38 plasticity
Attenuate post-stroke immune
cell response
NSCs (human) Immune cells - - Ameliorate the post-stroke [68, 69]
(mouse, pig) cerebral atrophy
Enhance behavioral function
and anti-inflammatory
response
Huntington’s AdSC (human) - p-CREB-PGCla Reduce mHtt aggregates and [70]
disease pathway apoptotic proteins
Acute lung MSCs (human, Monocytes, alveolar miR-145 KGF, CD44 Increase phagocytosis, anti- [72-75]
injury (ALI) swine) type 2 cells, lung receptor, MRP1, microbial/influenza activity
epithelial cells leukotriene B4 Decrease inflammation and
(rpouse, human, pulmonary edema
pig) Protect lung epithelial cells
(increased intracellular ATP
levels)
Liver fibrosis MSCs (human, Hepatocytes miR-181-5p, EMT Ameliorate liver fibrosis [77, 78]
mouse) (human), HSCs miR-485-p  Bc1p Stat3 Reduce hepatic inflammation
(rat, human, Hedgehog and profibrotic genes, EMT,
mouse) signaling hepatic stellate cell activation
Induce autophagy, anti-
oxidative and anti-apoptotic
response
Hepatic MSCs (human,  Hepatocytes - - Suppress liver necrosis and [80, 81]
ischemia— mouse) (mouse, human), inflammation
reperfusion neutrophils Increase anti-oxidative, anti-
mjury apoptotic response,
hepatocyte proliferation
NASH Liver stem cells NASH liver (mouse) — - Reduce liver fibrosis and [86]
(human) inflammation
Improve liver function
Acute kidney MSCs (human)  Tubular epithelial IGF-1R - Promote proliferation and [83, 85, 87]
injury (AKI) cells (mouse, inhibit apoptosis of tubular
human) cells
Ocular MSCs (human) Splenocyte (mouse) TGFp1, TCR, TLR4 Enhance immunosuppressive [79]
Sjogren’s PTX3, let- effects
syndrome 7b-5p,
miR-21-5P
Skin injury iPSC-MSCs Keratinocytes, - ERK1/2 Promote skin cell proliferation, [92]
(human) dermal fibroblasts viability, collagen secretion
(human) and fibronectin level
Chronic heart ~ ESC/iPSC- Cardiac myoblasts long - Promote proliferation and [93, 94]
failure (CHF) cardiovascular (rat), noncoding survival of cardiomyocyte
progenitor cardiomyocytes, RNAs Increase endothelial cell
(human) HUVECs

migration

Enhance cardiac function
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Table 1 continued

Type of disease Donor cells Recipient cells Major Key contributors or  Functions Ref.
cargoes pathways
Myocardial ESCs (mouse) Cardiac myoblasts miR-294 - Enhance cardiac progenitor [95]
infarction (rat), HUVECs cell proliferation and
function
Promote tube formation of
endothelial cell
Ischemic iPSCs (mouse) Cardiac myoblasts miR-21, - Prevent cardiomyocyte [96, 98]
myocardial (rat), cardiac miR-210 apoptosis
damage endothelial cells Enhance left ventricular
function and remodeling
Promote angiogenesis,
migration
Dox-induced ESCs (mouse) cardiomyocytes - MyD88, p-P38, Inhibit cell death and [97]
cardiotoxicity p-JNK pyroptosis
Prevent NLRP3 inflammasome
formation
Induce M1 to M2 macrophage
Reduce cytoplasmic
vacuolization, myofibril loss,
and cardiac hypertrophy and
fibrosis
Liver fibrosis iPSCs (human) Primary HSCs miR-92a-3p - Reduce HSCs activation and [99]
(human) fibrosis
Acute kidney iPSCs (human) Renal proximal - - Reduce cell death and [101]
injury (AKI) tubule epithelial inflammation
cells (human) Protect functional
mitochondria
Promote anti-oxidative
response and kidney function
Acute lung iPSCs (human) Pulmonary - ICAM-1 Inhibit ICAM-1 protein [103]
injury (ALI) microvascular expression
endothelial cells Disturb neutrophils-
(human), endothelium adhesion
neutrophils

Reduce inflammation

MSC: mesenchymal stem cell, NPC: neural progenitor cell, NSC: neural stem cell, HSC: hepatic stellate cell, NASH: non-alcoholic steato-
hepatitis, iPSC: induced pluripotent stem cell, ESC: embryonic stem cell, HUVEC: human umbilical vein endothelial cell

3 Therapeutic potential of stem cell-derived EVs
3.1 Multipotent stem cell-derived EVs

MSCs have emerged as a promising therapeutic regulator
due to their anti-inflammatory and regenerative capacities.
Currently, several ongoing studies are investigating the
ability of the MSC-derived secretome to cure diverse dis-
eases through paracrine mechanisms. For example, Xin
et al. demonstrated that treatment with BM MSC-derived
exosomes improved neurological recovery, neurogenesis,
and angiogenesis in a rat stroke model [65]. Furthermore,
treatment with the miR-17-92 cluster of enriched BM
MSC-derived exosomes increases neurogenesis and
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oligodendrogenesis by regulating PTEN expression at the
ischemic boundary zone of rats [66]. Similar to the effect
of MSC transplantation in a rodent stroke model, subse-
quent studies have demonstrated that human MSC-derived
EVs have the capacity to reduce post-ischemic neurologi-
cal impairment, while attenuating post-ischemic immuno-
suppression for successful brain remodeling [67]. The
therapeutic effect in neurological diseases has also been
reported with the use of NSC-derived EVs. Recent work in
murine and porcine models of ischemic stroke showed that
NSC-derived EVs contribute to an efficient decrease in
both lesion volume and brain swelling with a simultaneous
increase in motor activity [68, 69]. In addition, exosomes
secreted from adipose-derived stem cells reduce mutant



Tissue Eng Regen Med (2022) 19(1):19-33

25

huntingtin aggregates that cause Huntington’s disease
(HD), activate the p-CREB-PGCla pathway, and repress
mitochondrial dysfunction in an in vitro HD model [70].
Furthermore, human astrocyte-derived EVs improve elec-
trophysiological function and inhibit apoptosis of human
iPSC-derived cortical neurons [71].

In addition to studies of neural deficits, MSC-derived
EVs have also been explored as a tool for the effective
treatment of acute lung injury (ALI). MSC-derived EVs
exhibit therapeutic effects in restoring lung protein per-
meability and reducing inflammatory response, likely by
inducing upregulation of keratinocyte growth factor in
endotoxin-induced ALI mice [72]. MSC-derived EVs were
able to attenuate the severity of bacterial pneumonia in
mice by increasing bacterial phagocytosis of monocytes,
possibly with the CD44 receptor mediating EV uptake in
recipient immune cells [73]. Concordant with these find-
ings, miR-145 in MSC-derived EVs could suppress mul-
tidrug resistance-associated protein 1 and also lead to
leukotriene B4 production to enhance antimicrobial activ-
ity [74]. Therefore, accumulating evidence suggests that
MSC EV-dependent leukotrienes play a critical role in lung
injury repair. Additional studies have proposed a thera-
peutic effect for MSC-derived EVs in other types of lung
injuries, including influenza-infected ALI [75] and alpha-1-
antitrypsin deficiency-related lung diseases [76].

The therapeutic role of EVs has also been recognized in
liver diseases, including liver fibrosis, non-alcoholic fatty
liver disease, hepatitis, and cirrhosis. Our group previously
reported that the cell-free secretome of umbilical cord-
derived MSCs showed strong anti-fibrotic activity through
inhibiting TGFB1-induced activation of HSCs [10]. Simi-
larly, several groups have reported the effect of EVs in
ameliorating liver fibrosis by inhibiting EMT [77], acti-
vating autophagy through the miR-181-5p-dependent
STAT3 pathway [78], and repressing hedgehog signaling
through miR-486-5p enriched in tonsil-derived MSCs [79].
These findings are in line with observations that MSC-
derived exosomes relieve hepatic injury in different animal
models of liver injuries through multiple mechanisms,
including suppression of the inflammatory response,
attenuation of oxidative stress, inhibition of apoptosis,
attenuation of HSC activation, and promotion of hepatic
regeneration [80-82]. In addition, studies in a murine
model of NASH suggest anti-fibrotic and anti-inflamma-
tory effects for human hepatic stem cell-derived EVs [83].
Furthermore, a recent study reported a beneficial role of
exosomes in the regeneration of liver cells, as inhibition of
exosome release from human hepatic progenitors induced
reactive oxygen species (ROS) production and caused cell
death of immortalized hepatocytes [84].

Pathophysiological roles of MSC-derived EVs in acute
kidney injury (AKI) have been suggested by a series of

studies. Bruno et al. suggested that MSC-derived EVs
could deliver mRNA and induce tubular cell proliferation
in glycerol-induced AKI mice [85]. They also showed that
MSC-derived EVs enhance renal function in cisplatin-in-
duced AKI mice and upregulate anti-apoptotic genes in
cisplatin-treated human tubular epithelial cells [86].
Tomasoni et al. further demonstrated that BM MSC-
derived EVs enclosing insulin-like growth factor-1 receptor
mRNA enhance proliferation of proximal tubular cells
[87]. In addition, both adipose-derived MSCs (ADMSCs)
and ADMSC-derived EVs can improve AKI [88].

Immunomodulatory functions of MSC-EVs have shown
therapeutic effects in various disease models [89]. A recent
study revealed that the anti-inflammatory effects of BM
MSC-derived exosomes can be significantly enhanced by
interleukin-1 (IL-1p) priming [90]. The exosome obtained
from IL-1B-primed BM MSCs exhibits powerful anti-in-
flammatory activity in osteoarthritic SW982 cells, medi-
ated mainly by miR-147b in exosomes. These
immunomodulatory effects are also found in an ocular
Sjogren’s syndrome mouse model, which recapitulates a
chronic autoimmune disease, where MSC-EVs from early-
passage MSCs are more therapeutic than MSC-EVs from
late passage MSCs [79]. MSC-EVs containing TGF-f1,
pentraxin3, let-7b-5p or miR-21-5p have high immuno-
suppressive effects in the autoimmune disorder [79]. Fur-
thermore, MSC-EVs also showed therapeutic effects in
skin injuries by promoting cutaneous wound healing
[89, 91]. Kim et al. revealed that EVs from iPSC-derived
MSCs enhance cell proliferation and collagen secretion in
human keratinocytes and human dermal fibroblasts [92],
suggesting a potential therapeutic application of MSC-EVs
in skin regeneration.

Cardiovascular progenitor cells (CVPCs) were found to
secrete EVs with a protective effect against cardiovascular
diseases. An in vitro study proposed that EVs secreted from
human CVPCs (hCVPC) could enhance both the survival
of cardiac cells and the migration of endothelial cells in
rats [93]. Similarly, injection of hCVPC-derived EVs into
mice with chronic heart failure resulted in increased
expression of cardioprotective genes, thereby improving
cardiac function [93, 94]. It was also found that EVs
secreted from CVPCs under hypoxic conditions are highly
enriched with the long non-coding RNA MALATI, which
can enhance survival of cardiomyocytes and increase
angiogenesis via miR-497 inhibition [94]. These com-
pelling findings suggest a promising application of TSC-
derived EVs in therapeutic treatments, without the need for
cell transplantation. However, substantial efforts are
required to improve methods of EV production and to
identify molecular mechanisms and key contributors
underlying the therapeutic action of TSC-derived EVs.
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3.2 Pluripotent stem cell-derived EVs

Encompassing both human ESCs (hESCs) and human
iPSCs (hiPSCs), hPSCs can self-renew and differentiate to
become diverse types of terminally differentiated cells.
Although transplantation of hPSCs or hPSC-derived
somatic cells can ameliorate tissue injury and promote
tissue regeneration, the tumorigenic potential of residual
undifferentiated or unwanted cells hinder clinical applica-
tions of hPSCs. To address this issue, diverse approaches
for utilizing hPSC-derived EVs as a cell-free therapeutic
system to substitute for hPSC use are currently underway.
Although hiPSCs are known to secrete a 16-fold higher
level of EVs than MSCs [64], only a few studies have
conducted on the potential therapeutic roles of PSC-
derived EVs as below.

A previous study showed that mouse ESC-derived EVs
could repair myocardial infarction by enhancing functions
of cardiac progenitors and reducing fibrosis [95]. Similarly,
this protective effect of mouse iPSC-derived EVs in
ischemic myocardium was found to be due to Nanog-re-
lated miR-21 and HIF-a-related miR-210 present in iPSC-
derived EVs [96]. Additionally, mouse ESC-derived exo-
somes induce M1 to M2 polarization of macrophages, thus
alleviating inflammation-induced pyroptosis in doxoru-
bicin-induced cardiomyopathy [97]. Furthermore, another
study revealed that iPSC-derived EVs promote angiogen-
esis of murine endothelial cells in vitro and enhance left
ventricular function in vivo. [98]. These findings suggest
that hPSC-derived EVs could be utilized as a new cell-free
therapy for cardiac diseases.

A recent analysis of the anti-fibrotic roles of human
iPSC-derived EVs in liver fibrosis showed iPSC-derived
EVs reduce chemotaxis and proliferation of HSCs and also
diminish various HSC activation markers, such as o-
smooth muscle actin (a-SMA), collagen type I, and tissue
inhibitor of metalloproteinase-1 (TIMP1) [99]. Genomic
analysis also revealed that miR-92a-3p, a well-known anti-
fibrotic factor of pulmonary fibrosis [100], was the most
abundant miRNA in iPSC-EVs [99]. Furthermore, the
authors demonstrated the anti-fibrotic effects of iPSC-EVs
in CCLy4-induced liver fibrosis mice [99]. Our previous
studies support these findings, as the secretomes of hPSC-
derived progenies can promote endogenous regeneration of
host injured tissues by delivering trophic factors [9].

Although ADMSC-derived EVs have shown therapeutic
effects on AKI as described earlier [88], only recently has
there been a report on PSC-derived EVs in AKI [101].
When compared to ADMSC-derived EVs, iPSC-derived
EVs more efficiently inhibit cell death of human proximal
tubule epithelial cells and also reduce mitochondria dam-
age in hypoxia-reoxygeneration injury. Additionally, using
an animal model of AKI, researchers showed that iPSC-
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EVs protect the kidney from tubular cell death, increase
renal tubular cell proliferation, enhance kidney functions,
and reduce macrophage infiltration.

iPSC-derived EVs are considered a tool for siRNA
delivery across the blood-brain barrier to inhibit expres-
sion of pro-inflammatory genes [102]. Ju et al. delivered
specific siRNAs to iPSC-derived EVs by electroporation in
an attempt to silence intercellular adhesion molecule-1
(ICAM-1) in recipient cells. The modified iPSC-derived
EVs reduced ICAM-1 expression and attenuated neu-
trophil-endothelium adhesion in lipopolysaccharide-stimu-
lated human primary pulmonary microvascular endothelial
cells [103]. These data support the idea that iPSC-EVs can
serve as efficient messengers to deliver predesigned ther-
apeutic molecules to target cells across different diseases
and injuries.

4 Roles of EVs in reproduction, stemness,
and differentiation

As described above, stem cell-derived EVs have been
suggested as promising therapeutics for various diseases.
As adult stem cells are responsible for homeostasis and
regeneration in normal and injured tissues, understanding
the roles of EVs and the underlying mechanisms in stem
cell biology are priorities for basic research and therapeutic
applications. The potential roles of stem cell-derived EVs
in stemness and differentiation are summarized in Table 2.

4.1 EVs in early embryonic development

Successful implantation and early embryonic development
rely on intercellular communications between the embryo
and maternal tissues. Reports have recently emerged on the
critical role of EVs in these communication processes
[104]. Co-culture of parthenogenetic embryos with cloned
embryos [105] or supplementation of embryo-derived EVs
to cloned embryos [106] improved the survival and blas-
tocyst formation of cloned embryos in vitro. Incubation of
mouse embryos with outgrowth embryo-derived EVs
improved both the development of pre-implantation
embryos and implantation rates when transferred in utero
[107]. ESC-derived EVs containing a high level of laminin
and fibronectin have the capacity to activate JNK and FAK
in trophoblasts and promote efficient implantation of
blastocysts [108]. Additionally, endometrial exosomes
containing menstrual cycle-related hormones activate the
FAK signaling pathway and improve implantation effi-
ciency through increased adhesive capacity of trophoblasts
[109]. Compared to other physiological roles of EVs,
contributions of EVs in mediating embryo-maternal
crosstalk during implantation, pregnancy, and infertility are
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Table 2 Potential roles of stem cell-derived EVs in self-renewal and differentiation
Recipient cells Donor cells Major cargoes Potential key contributors or pathways Functions Ref.
(source)
Hematopoietic AML cells miR-150, miR- Downregulation of hematopoietic stem Suppress hematopoiesis [113, 114]
stem/progenitor (human) 155 cell supporting factors in MSCs Impair clonogenicity
cells (human, Suppression of c-MYB
mouse) Fetal liver- mRNAs, Increased expression of Pegl0, Begl, Improve survival and [116]
stromal cells miRNAs miR-451, miR-221 clonogenicity of
(mouse) hematopoietic stem cells
MSCs and - MyD88-mediated activation of TLR4 - Expansion of myeloid- [117]
AdSCs activation of canonical NFkB— based hematopoietic
(mouse) upregulation of HIF1o/CCL2 progenitor cells
Bone marrow miR-126 Reduced VCAM-1 Promote G-CSF induced [118]
extracellular hematopoietic progenitor
fluid (mouse) cells mobilization
ESCs (mouse)  Wnt-3, Activation of MAPK/Akt pathway Upregulation of [57]
pluripotency- pluripotency and early
related proteins hematopoietic stem cell-
and mRNAs related genes
Reprogramming of HPCs
Microvascular  — Activation of NF-xB and expression of Increased MSC [119]
endothelial MMP-1, MMP-3, CCL-2 and IL-6 proliferation, migration
cells (human)
MSCs (human, ESCs (human)  Oct3/4, Sox2 - Increased self-renewal [120]
Mouse) Increased expression of
pluripotency genes
AdSC-white/ transcription - Differentiate into white or [121]
beige factors beige adipocyte in vitro
adipocytes Regeneration of in vivo
(human) adipose tissue
Osteoblasts, LUNX2, OSX, - Differentiation of MSCs [122]
adipocytes C/EBPa, into osteoblasts or
(human) PPARY, adipocytes, respectively
miRNAs
Neurons (rat) miR-125b Neruonal differentiation of [124]
MSCs
Embryonic Components of Activation of IGF-mTORCI1 pathway Expansion of proliferative  [125]
cerebral IGF pathway embryonic NSC pool
spinal fluid
(human, rat)
NSCs / Neural MSCs (rat) miR-133b Promote expression of miR-210-3p Prevent NSCs from [127]
cells (mouse, hypoxia injury
rat) Mouse ESCs Fibronectin Activation of integrin-FAK pathway Maintenance of [129]
pluripotency
ESCs (mouse) Hematopoietic =~ miR-126 Inhibition of Notch1/Hes1 pathway Hematopoietic [130]
stem cells differentiation of ESCs
ESCs (human, mRNAs (Oct4, Upregulation of miRNAs promoting Reprogramming of Mbuller [131]
mouse) Sox2, Nanog), pluripotency, proliferation, early ocular cells
miRNA-290 genes, genes involved in retinal
cluster regeneration
Mbuller cells Mouse BM- - - Conversion into hepatic [132]
(human) MSCs oval cells

AML: acute myeloid lymphoma, MSC: mesenchymal stem cell, AdSC: adipose stem cell, ESC: embryonic stem cell, NSC: neural stem cell
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emerging as important issues [110, 111]. Therefore, a
better understanding of the role of EVs in reproduction will
facilitate development of new diagnostic tests and treat-
ments for infertility.

4.2 EVs in the self-renewal and differentiation
of stem cells

EVs derived from various cell types likely have the
potential to regulate both maintenance and differentiation
of stem cells by transferring proteins, mRNAs, and miR-
NAs or by directly activating signaling pathways through
binding to cell surface molecules [112]. Acute myeloid
leukemia (AML) blast-derived exosomes block normal
hematopoiesis by inducing DKK1 expression [113] and
transferring miR-150/155, which downregulates C-MYB in
hematopoietic stem cells [114]. Erythroleukemia cell-
derived exosomes deliver miR486 to target Sirtl in
hematopoietic stem cells and induce differentiation and
proliferation of erythroids under hypoxia [115]. On the
other hand, MSC-derived EVs can selectively support
survival and clonogenic potential of hematopoietic stem
cells [116]. Other reports show that MSC-EV's promote the
concomitant expansion of hematopoietic stem cells into
myeloid progenitors by TLR4 activation [117]. EVs also
regulate G-CSF-induced migration of hematopoietic stem
cells from BM into peripheral blood through transfer of
miR-126 [118].

EVs derived from various cells can also regulate the
proliferation and differentiation of MSCs. Endothelial cell-
derived EVs promote proliferation and migration of MSCs
through NF-kB signaling activation [119]. ESC-derived
engineered nanovesicles increase self-renewal and
pluripotency gene expression in BMSCs [120]. A recent
study showed that AML-derived EVs increase the number
of mesenchymal progenitor cells and inhibit osteogenic
differentiation in the BM niche [113]. Lineage-specific
EVs from ADMSCs [121], osteogenic MSCs [122],
monocytes [123], and neurons [124] induce differentiation
of MSCs into brown/white adipocytes, osteoblasts, and
neuron-like cells, respectively, in vitro.

Both embryonic and adult central nervous systems har-
bor self-renewing pools of NSCs that reside in distinct
niches. The balance between quiescence, proliferation, and
differentiation of NSCs, critical for normal development
and regeneration of the brain, is tightly regulated by
microenvironmental factors, including EVs. Embryonic
cerebrospinal fluid contains 10'? nanovesicles/ml that
activate the IGF-mTORC1 pathway and promote amplifi-
cation of embryonic NSCs during corticogenesis [125].
EVs also play important roles in adult neurogenesis by
transferring various miRNAs (miR-let7b, -9, -34a, -124a, -
128, -137, 125b) and proteins involved in signaling
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pathways associated with TGF, EGFR, and VEGF [126].
Additionally, MSC-derived EVs protect NSCs from
hypoxic injury by delivering miR-210-3p and miR-133b
[127].

Although still in early stages of investigation, accumu-
lating evidence suggests that EVs have important roles in
stemness maintenance and differentiation in PSCs. Like
other cells, ESCs secrete and uptake EVs that contain
various cargo molecules and can transfer miRNAs and
proteins to different cell types [128]. Recently, ESC-
derived EVs containing fibronectin were shown to help
ESCs maintain their stemness and to prevent differentiation
via activating the integrin-FAK pathway [129]. In contrast,
HSC-derived exosomes enriched in miR-126 suppress
Notchl expression and promote hematopoietic differenti-
ation of ESCs [130]. Therefore, elucidating the underlying
mechanisms of EV-mediated PSC regulation may prove
helpful for maintaining pluripotency and the precise con-
trol of directed differentiation.

4.3 EVs in cellular reprogramming

The capabilities of stem cell-derived EVs in cellular
reprogramming, rejuvenation, and aging are of great
interest, as stem cell-derived EVs contain stemness-related
transcripts and proteins. hESC derived-MVs induce
reprogramming of hematopoietic progenitors by delivering
pluripotency transcripts, including Oct4, Nanog, and Wnt3
[57]. ESC-MVs can induce dedifferentiation of Miiller
cells by activating the retinal regeneration program through
delivering both pluripotency transcripts, such as Oct4,
Nanog, and Sox2, and also miR-290 [131]. Additionally,
MSC-EVs convert mature murine hepatocytes into a pro-
genitor oval cell-like phenotype that highly express OC2
and EpCAM [132].

Furthermore, ESC/iPSC-derived EVs rejuvenate senes-
cent MSCs and skin fibroblasts via activating the IGF1/
PI3K/Akt pathway [133, 134]. Hypothalamic stem cells
regulate systemic aging through the secretion of exosomal
miRNAs into cerebrospinal fluid [60]. In addition,
endothelial progenitor cell-derived EVs activate the
angiogenic program and the PI3K/Akt pathway via integrin
o4 and B1 in endothelial cells [135]. In contrast, EV-me-
diated transfer of miR-183-5p from aged BM MSCs
induced aging in young MSCs [37]. Currently, only a few
studies have investigated the biological role of stem cell-
derived EVs associated with pluripotency and reprogram-
ming. However, the new insight into the role of EVs in
cellular reprogramming mechanisms may provide more
effective strategies for cellular reprogramming using EVs,
likely without any integration of transgenes.
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5 Challenges and future directions

EVs are emerging as a powerful tool for regenerative
medicine. However, many issues must be overcome before
their application for therapeutic purposes. A growing body
of evidence on the cellular roles of EVs strongly suggests
the potential for their use in treating diverse diseases and
injuries across different organs. As an alternative to other
approaches, cell-free EV-based therapies are currently
gaining interest due to the reduced risks of tumorigenesis
or other graft-mediated complications. However, how EVs
contribute to therapeutic outcomes remains obscure and
largely enigmatic, as less is known about the molecular
mechanisms underlying their release, targeting, uptake, and
intracellular dynamics. Moreover, EVs contain molecules
of varying concentration and composition, both within the
cell and on the cell surface. Thus, EV contents could differ
depending on their cellular origin or culture conditions.
These variables may cause discrepancies in therapeutic
outcomes between studies and hinder the translation of
EVs into the clinical setting. Moreover, in addition to
beneficial molecules, EVs may contain detrimental factors
that cause adverse effects and raise safety issues. There-
fore, to understand EV mechanisms of action in cellular
behaviors and tissue repair, more precise studies must be
conducted using integrative analyses, including bioinfor-
matic tools and other molecular approaches to identify key
therapeutic factors.

Addressing the above issues is currently hampered by
several technical hurdles regarding the efficient preparation
and purification of EVs ranging in size from nano- to
microscale. Currently, many patents address techniques
aimed at improving isolation methods to secure a large
amount of EVs with high reproducibility and without
harmful contaminants [136]. Of particular issue is that
hPSCs and TSCs are not amenable to batch or long-term
culture to obtain sufficient numbers of EVs. Recent
advances in 3D cultivation systems may allow mass pro-
duction of stem cells without losing their properties.
Although not yet demonstrated experimentally, 3D culture
systems may produce more tissue-like 3D structures as
compared to 2D culture conditions and may facilitate the
release of EVs with higher therapeutic potential. Indeed, a
recent study obtained EVs from size-controlled 3D human
MSC spheroids by using both PEG hydrogel microwell
arrays and orbital shaking to show that 3D MSC spheroid-
derived EVs were capable of stimulating angiogenesis and
neurogenesis [137].

Solving the challenges associated with the preparation
and analysis of EVs may allow for broader application of
EVs in regenerative medicine, as well as in vitro manipu-
lation of stem cells. Therefore, further studies and

developments for optimizing EV production, careful anal-
ysis of key EV cargos, and identifying EV mechanisms of
action are warranted. Nevertheless, it has become
increasingly clear that the many beneficial outcomes from
stem cell-associated transplantation are mediated in a
paracrine manner by EV cargo. Therefore, stem cell-
derived EVs have potential value as an ideal therapeutic
agent for many degenerative diseases in the near future.
Deciphering the molecular complexity of the beneficial
paracrine action of EVs will facilitate translation of the
exciting recent findings of EVs from bench to bedside.
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