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Abstract: The potential of perinatal tissues to provide cellular populations to be used in different
applications of regenerative medicine is well established. Recently, the efforts of researchers are being
addressed regarding the evaluation of cell products (secreted molecules or extracellular vesicles, EVs)
to be used as an alternative to cellular infusion. The data regarding the effective recapitulation of most
perinatal cells’ properties by their secreted complement point in this direction. EVs secreted from
perinatal cells exhibit key therapeutic effects such as tissue repair and regeneration, the suppression
of inflammatory responses, immune system modulation, and a variety of other functions. Although
the properties of EVs from perinatal derivatives and their significant potential for therapeutic success
are amply recognized, several challenges still remain that need to be addressed. In the present review,
we provide an up-to-date analysis of the most recent results in the field, which can be addressed in
future research in order to overcome the challenges that are still present in the characterization and
utilization of the secreted complement of perinatal cells and, in particular, mesenchymal stromal cells.

Keywords: mesenchymal stromal cells; human perinatal tissues; extracellular vesicles; cell-free
therapy; Wharton’s jelly; umbilical cord; amniotic fluid; amniotic membrane; tissue repair

1. Introduction

In the last decade, significant advances have been made to fully assess the biology of
mesenchymal stromal cells (MSCs) derived from perinatal tissues. The term “perinatal”
defines birth-associated tissues and other fetal annexes (e.g., amnion, chorion, and the
umbilical cord), obtained immediately after birth. To date, many applications of perinatal
MSCs for clinical purposes have been studied with promising results, mainly due to their
unique immune and differentiative properties [1]. Despite this, perinatal MSC-based ther-
apy still presents problems related to different aspects, such as the difficulty of developing
specific methods of isolation and characterization, as well as the identification of an opti-
mal protocol for ex vivo expansion and the often observed efficacy post transplant [2,3].
Nevertheless, it has been suggested that the perinatal MSCs’ therapeutic efficacy may be
fully recapitulated by their secretome or conditioned medium (e.g., soluble proteins, lipids,
and extracellular vesicles) [4]. Thus, a new definition was introduced by Silini et al. namely

Cells 2023, 12, 2347. https://doi.org/10.3390/cells12192347 https://www.mdpi.com/journal/cells

https://doi.org/10.3390/cells12192347
https://doi.org/10.3390/cells12192347
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cells
https://www.mdpi.com
https://orcid.org/0000-0002-9048-1463
https://orcid.org/0000-0002-0780-2984
https://orcid.org/0000-0002-2966-9782
https://orcid.org/0000-0001-8922-9909
https://orcid.org/0000-0003-1994-8005
https://orcid.org/0000-0002-5910-5750
https://doi.org/10.3390/cells12192347
https://www.mdpi.com/journal/cells
https://www.mdpi.com/article/10.3390/cells12192347?type=check_update&version=1


Cells 2023, 12, 2347 2 of 26

“perinatal derivatives (PnD)” which includes all birth-associated tissues, the cells they
are composed of, and all the biomolecules secreted [5]. Therapeutic approaches based on
MSC secretomes may have different advantages over the use of transplanted MSCs, due
to the minimal effect on immunogenicity, the higher yields of bioactive molecules, and
easier application. Perinatal MSC secretomes seem to exhibit the same anti-inflammatory,
immunomodulatory, and regenerative properties as parental MSCs [6–8], and appear to
be effective in treating the side effects of ischemia–reperfusion injury [9,10]. Furthermore,
the use of secretomes provides a suitable strategy to enhance MSCs’ therapeutic potential
and standardize the production of MSC-derived products intended for clinical use [11].
Therefore, the utilization of secretomes could contribute to developing a novel, cell-free
therapeutic approach.

The secretome is enriched with extracellular vesicles (EVs), secreted by cells through
the development of multivesicular bodies or by cell membrane shedding [12,13]. They are
classified into different types, based on their size, mechanism of biogenesis, functions, and
tissue of origin, into: exosomes, microvesicles, ectosomes, and oncosomes [14]. Importantly,
the cells (including the perinatal MSCs) are able to release various types of EVs [15]. EVs
are present in almost every type of body fluid (e.g., plasma, urine, saliva, amniotic fluid,
and others) and are therefore easily accessible. Once in the extracellular space, EVs facilitate
cell-to-cell communication, between neighboring and distant cells, through transferring
their molecular cargo (enriched in proteins, RNAs, and DNAs), both in physiological and
pathological conditions [16–18]. The ISEV (International Society for Extracellular Vesicles)
suggested using “extracellular vesicle” as the common term for all the vesicles released
from cells to avert uncertainty within this complex field [19].

The increasing interest in the therapeutic benefits obtained by using the EVs released
by parental MSCs in various diseases reinforces the hypothesis of the usefulness of MSC
secretomes as a new therapeutic strategy.

2. Properties of Human Perinatal Tissue and Their Possible Therapeutic Application
as Sources of EVs

Perinatal tissues represent a plentiful source of promising cell types. Among the organs
that may be used as a source of perinatal cells, the placenta is of key importance for its role
in fetal nutrition and development, acting as a functional interface between the mother and
fetus, either via the exchange of nutrients or via its immune and endocrine roles [20]. The
formation of the placenta is the result of a series of processes that start in the moment of
embryo implantation at the end of the first week of development. Then, the organ assists
in the development of the embryo and then the fetus until delivery [21]. At delivery, the
placenta features a diameter of 20–22 cm, with a thickness of up to 2.5 cm [22]. Structurally,
the human placenta is a highly specialized essential organ with a distinction between the
maternal-uterine part and the fetal part. Research related to perinatal MSCs began over a
decade ago and has grown exponentially with the isolation and characterization of cells
from different perinatal tissues [23–25] (Figure 1).

The placenta is usually discarded post-partum and easily obtained with a virtu-
ally limitless availability, free from ethical issues, and provides efficient MSC recovery
without invasive procedures [26]. Different perinatal MSC populations are present and
useful in regenerative medicine for the treatment of various pathologies, namely human
decidua-MSCs (hD-MSCs), human syncytiotrophoblast and human cytotrophoblast (hSTB-
MSCs and hCTB-MSCs), hAC-MSCs of the human amnio-chorionic membrane, as well as
the MSCs present in the human umbilical cord (hUC-MSCs) and human amniotic fluid
(hAF MSCs).
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Figure 1. The schematic structure of the placenta and a description of perinatal MSCs. The placenta 
is an organ in which interactions between maternal and fetal cells, necessary for the development of 
the fetus, take place. Specifically, the placenta is made up of structures of fetal origin, such as the 
placental disc, the fetal membranes, divided into amniotic and chorionic membranes, and the 
umbilical cord, as well as a membrane of maternal origin called the decidua which originates from 
the endometrium. The chorionic villosity that forms the boundary between maternal and fetal blood 
during pregnancy represents the functional unit of the placenta. The different structures of the 
placenta are enriched by MSCs particularly useful in regenerative medicine and for the treatment 
of various pathologies. Abbreviations: dMSCs: decidua mesenchymal stromal cells; iEVT: inner 
extravillous trophoblast; eEVT: external extravillous trophoblast; STB: syncytiotrophoblast; CTB: 
cytotrophoblast; hCV-MSCs: human chorionic villi mesenchymal stromal cells; WJ-MSCs: 
Wharton’s jelly mesenchymal stromal cells; UC-MSCs: umbilical cord mesenchymal stromal cells; 
AC-MSCs: amnio-chorion mesenchymal stromal cells. 

The placenta is usually discarded post-partum and easily obtained with a virtually 
limitless availability, free from ethical issues, and provides efficient MSC recovery without 
invasive procedures [26]. Different perinatal MSC populations are present and useful in 
regenerative medicine for the treatment of various pathologies, namely human decidua-
MSCs (hD-MSCs), human syncytiotrophoblast and human cytotrophoblast (hSTB-MSCs 
and hCTB-MSCs), hAC-MSCs of the human amnio-chorionic membrane, as well as the 
MSCs present in the human umbilical cord (hUC-MSCs) and human amniotic fluid (hAF-
MSCs). 

MSCs are involved dynamically and actively in feto-maternal communication by 
releasing several molecules into the maternal circulation (including hormones and 
proteins) as well as EVs [27]. The therapeutic application of perinatal MSCs’ secretomes 
may present some advantages over the direct application of cells [28]. Indeed, it is now 
known that the therapeutic effects of perinatal cells are largely mediated by the secretion 
of EVs [11,29–31]. According to their size and biogenesis, EVs are distinguished into: (i) 
exosomes (30–150 nm), (ii) microvesicles (50 to 1000 nm, MV), and (iii) apoptotic bodies 
(1000–5000 nm) [32–34]. Of note, MSC-derived EVs were first isolated in 2010 in mice in a 
model of myocardial ischemia–reperfusion [35]. MSC-derived EVs are enriched with 
important bioactive molecules, such as mRNA and proteins, which regulate various 
biological processes. They express conventional markers of EVs (such as Hsp70, CD63, 
Flotillin-1, and TSG101) [22]. Nevertheless, they do not express costimulatory molecules, 
such as CD80 and CD86, thus conferring immune tolerance [36]. Proteomic analyses have 
allowed researchers to highlight the fact that perinatal-derived EVs are enriched in key 
proteins involved in several processes (e.g., immune, metabolic, and regenerative 
pathways) when compared to adult MSCs [37]. Currently, a few studies have attempted 

Figure 1. The schematic structure of the placenta and a description of perinatal MSCs. The placenta is
an organ in which interactions between maternal and fetal cells, necessary for the development of the
fetus, take place. Specifically, the placenta is made up of structures of fetal origin, such as the placental
disc, the fetal membranes, divided into amniotic and chorionic membranes, and the umbilical cord,
as well as a membrane of maternal origin called the decidua which originates from the endometrium.
The chorionic villosity that forms the boundary between maternal and fetal blood during pregnancy
represents the functional unit of the placenta. The different structures of the placenta are enriched
by MSCs particularly useful in regenerative medicine and for the treatment of various pathologies.
Abbreviations: dMSCs: decidua mesenchymal stromal cells; iEVT: inner extravillous trophoblast;
eEVT: external extravillous trophoblast; STB: syncytiotrophoblast; CTB: cytotrophoblast; hCV-MSCs:
human chorionic villi mesenchymal stromal cells; WJ-MSCs: Wharton’s jelly mesenchymal stromal
cells; UC-MSCs: umbilical cord mesenchymal stromal cells; AC-MSCs: amnio-chorion mesenchymal
stromal cells.

MSCs are involved dynamically and actively in feto-maternal communication by
releasing several molecules into the maternal circulation (including hormones and pro-
teins) as well as EVs [27]. The therapeutic application of perinatal MSCs’ secretomes
may present some advantages over the direct application of cells [28]. Indeed, it is now
known that the therapeutic effects of perinatal cells are largely mediated by the secretion
of EVs [11,29–31]. According to their size and biogenesis, EVs are distinguished into:
(i) exosomes (30–150 nm), (ii) microvesicles (50 to 1000 nm, MV), and (iii) apoptotic bodies
(1000–5000 nm) [32–34]. Of note, MSC-derived EVs were first isolated in 2010 in mice in a
model of myocardial ischemia–reperfusion [35]. MSC-derived EVs are enriched with im-
portant bioactive molecules, such as mRNA and proteins, which regulate various biological
processes. They express conventional markers of EVs (such as Hsp70, CD63, Flotillin-1,
and TSG101) [22]. Nevertheless, they do not express costimulatory molecules, such as
CD80 and CD86, thus conferring immune tolerance [36]. Proteomic analyses have allowed
researchers to highlight the fact that perinatal-derived EVs are enriched in key proteins
involved in several processes (e.g., immune, metabolic, and regenerative pathways) when
compared to adult MSCs [37]. Currently, a few studies have attempted to characterize
the miRNA profile of EVs isolated from perinatal MSCs [38,39], although some evidence
is already available from experimental animal models [40,41]. One of these studies high-
lighted the presence of a few specific and highly expressed miRNAs, such as miR-145,
miR-181c-5p, miR-Let-7e, and others [42]. Bulati et al. revealed that nine miRNAs found
in human amnion MSC-derived EVs (hAMSC-derived EVs) were able to regulate the key
proteins that control both T cell activation and monocyte differentiation [43]. Addition-
ally, it has been reported that human umbilical cord MSC-derived EVs (hUCMSC-derived
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EVs) express high levels of miR16 and miR-Let-c which are involved in the regulation of
T lymphocytes [44]. Perinatal MSC-derived EVs possess a lipid bilayer membrane also
enriched with cholesterol, sphingomyelin, ceramide, and lipid raft proteins, which are
involved in facilitating the trafficking and fusion of the membrane, bypassing any bio-
logical barrier [26]. Due to their specific properties, a number of studies have focused
on EVs released by perinatal MSCs, highlighting their potential for cell-free therapy in
clinical practice. Perinatal MSC-derived EVs are safer and have a longer shelf life than the
MSCs themselves [45]. It has been observed that perinatal MSC-derived EVs have shown
encouraging therapeutic effects in preclinical studies; five of these studies are reported in
the www.ClinicalTrials.gov database accessed on 30 July 2023. One of these (NCT04213248)
investigates the ability of umbilical cord-derived EVs to reduce dry eye symptoms in
patients with chronic graft-versus-host disease (cGVHD). Another study (NCT04202770)
evaluates the potential of liquid amniotic-derived EVs in the treatment of depression and
neurodegenerative dementia, while another study (NCT04384445) evaluates their ability
to suppress the activation of cytokines or intervene in other adverse events in COVID-19
patients with severe symptoms. In line with this, we herein summarize the current studies
in the literature regarding cell-free therapeutic options by employing EVs derived from
perinatal MSCs in the context of several pathological conditions.

2.1. Placenta-Derived EVs

As mentioned previously, perinatal tissues are obtained from term placentas and fetal
annexes [5]. The maternal component of the placenta is the human decidua (hD), which
is divided into three regions on the basis of relative position: the decidua basalis is the
implantation site of the embryo and where the decidua interacts with the trophoblasts
responsible for the forming of the basal plate; the decidua capsularis, enriched in decidual
cells and some small vessels, is towards the uterus in contact with the chorion; and the
decidua parietalis is an elongation of the decidua capsularis replacing the endometrium
and merges with the capsularis, within the fourth month of gestation, in parallel with the
reduction in uterine cavity width [46]. Depending on the spatial relation to the implanting
embryo, hD-MSCs, derived from the maternal part of the placenta, may be isolated from
both decidua basalis and decidua parietalis tissue. Generally, hD-MSCs have a shape similar to
fibroblastic cells, the ability to adhere to plastic, and the presence of surface markers typical
of MSCs, including HLA-ABC. Between the markers that are not expressed by hD-MSCs,
studies have reported CD 40, CD80, CD83, CD-86, and HLA-DR [47]. Moreover, neither
hematopoietic nor endothelial markers have been demonstrated in these cells [47]. From
the differentiation point of view, it has been reported that hD-MSCs possess the competence
to differentiate into the three classical mesenchymal cell lineages and, more importantly,
also in tissue derived from all the three germ layers [48].

Placental tissue-derived EVs can be produced regardless of physiological or patho-
logical condition; indeed, the biogenesis and release of EVs from the placenta may be
regulated by changes in the cellular microenvironment, such as oxygen tension and glucose
concentration [49,50]. Studies have demonstrated, for instance, that the release of EVs by
placental MSCs is regulated by oxygen tension [50]. In normal pregnancy, placental EVs
are increasingly released into the maternal circulation as the pregnancy progresses and are
correlated with placental weight; however, in studies, in the first and second trimesters, an
increase was observed, with a consistent decrease in the third trimester [51,52]. To confirm
this, it was observed that the concentration of EVs was approximately 50-fold greater in
maternal plasma in comparison with mean uterine artery blood flow [52]. Importantly, this
concentration increases in pregnancies with complications, such as preeclampsia [53] and
gestational diabetes [54] (Table 1). In line with this, EVs derived from placental MSCs used
with different therapeutic effects are reported in Table 1.

www.ClinicalTrials.gov
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Table 1. Therapeutic advantages of EVs released by placental MSCs.

EVs’ Source Disease Model In Vitro and/or In
Vivo Experiments

Molecular Mechanism
Proposed

Pathophysiological
Effects References

Placental
MSC-derived EVs Preeclampsia In vitro

Increase in migration,
placenta development,

and angiogenesis
pathways.

+ The early detection of
women at risk

+ Preventative therapy
+ Improves pregnancy

outcomes for both
mother and baby

[53]

Placental
MSC-derived EVs

Gestational
diabetes In vitro

Increase in PI3K/Akt,
Wnt, insulin, and
mTOR signaling

pathways.

+ Insulin resistance
− Oxidative stress
− Inflammation

[54]

Placental
MSC-derived EVs

Acute kidney
injury (AKI) In vivo

Activated Kelch-like
ECH-associated protein

1 (Keap1)/nuclear
factor E2-related factor

(Nrf2) signaling.

+ Mitochondrial
antioxidant defense
− Inflammation
− Apoptosis

[55]

Placental
MSC-derived EVs AKT In vivo

Increase in Sox9+
expression and

decrease in α-SMA,
fibronectin, collagen I,

and TGF-β1.

+ Proliferation
+ Regeneration
− Apoptosis
− Fibrosis d28

[56]

Placental
MSC-derived EVs Ulcerative colitis In vitro and vivo

Decrease in
pro-inflammatory
cytokines (such as

TNF-α, IL-1β, IFN-γ,
and IL-6) and the
upregulation of

anti-inflammatory
cytokines, such as IL-10

and TGF-β.

+ Mucosal healing
− Inflammation
− Oxidative stress

[57]

Placental
MSC-derived EVs

Spinal cord
injury In vitro and vivo

Increase in
SOX2+GFAP+ and

PAX6+Nestin+ and the
activation of

MEK/ERK/CREB
pathway signaling.

+ Neurogenesis
+ Hind limb locomotor

recovery
+ Bladder dysfunction

[58]

Placental
MSC-derived EVs

Multiple
sclerosis In vitro and vivo

Modulation of T
regulatory populations,
i.e., shifts of Th1 to Th2

responses.

+ Myelin levels
+ Regenerative

properties
− Inflammation

[59]

Placental
MSC-derived EVs

Duchenne
muscular
dystrophy

In vitro and vivo

Decrease in IL.6,
TNF-α, Collagen I and

II, and TGF-β.
Increased myogenin

and utrophin.

+ Muscle differentiation
+ Utrophin expression
− Inflammation
− Fibrosis

[60]

Placental
MSC-derived EVs

Graft-versus-
host

disease
In vitro Decrease in CD14+ and

CD16+ monocytes.

+ Corticosteroid
therapy

v Inflammation
[61]

Placental
MSC-derived EVs

Myocardial
infarction In vivo

Suppression of
pro-inflammatory

IL-1β, IL-6, TNF-α, and
MCP-1, and
macrophage

polarization (M2
subsets).

+ Cardiac function
+ Myocardial infarct

area
− Inflammation
− Gut dysbiosis

[62]
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Although the main roles of placental MSC-derived EVs have been studied in the
maternal–fetal communication, it is interesting moreover to highlight their role in other
conditions. For instance, it was shown that placental MSC-derived EVs alleviated oxidative
stress and restored the biological activity in renal ischemia–reperfusion injury models by
regulating mitochondrial structure and function [55]. Another work used high-resolution in
situ imaging techniques to monitor the distribution of placenta MSC-derived EVs to kidney
lesions in a mouse model of acute kidney injury (AKI). In detail, the authors observed
the ability of placental MSC-EVs to stimulate tissue regeneration along with reducing
the area of fibrosis [56]. Considering inflammatory bowel diseases, such as ulcerative
colitis and Crohn’s disease, the potential of placenta MSC-derived EVs in their clinical
therapy has recently been demonstrated [57]. In ulcerative colitis, placental-MSC EVs
raise mucosal barrier defense, prompting decreasing intestinal inflammation and oxidative
stress, which are the major pathophysiological factors in this disease [57]. Once released,
MSC-derived EVs also exhibit regenerative capacity through the transfer of their molecular
cargo. It has been observed that placental MSC-derived EVs mediate central nervous
system (CNS) regeneration and functional repair following injuries by favoring the increase
in endogenous NPCs’ proliferation and differentiation towards the neuronal lineage, as
well as ameliorating motor and autonomic function in in vivo experiments [58]. Similarly,
the neuroprotective properties of placental MSC-derived EVs were further shown in an
experimental autoimmune encephalomyelitis model of multiple sclerosis [59]. Furthermore,
it was observed that placental MSC-derived EVs exerted beneficial effects in Duchenne
muscular dystrophy in vitro and in vivo studies, unlike the EVs derived from bone marrow
MSCs (BM-MSCs) which had no ameliorative effects on the pathology [60]. Specifically,
on the one hand, the molecular cargo of placental MSC-derived EVs stimulates muscle
differentiation and, on the other hand, inhibit inflammation alongside fibrosis [58]. So
far, cGVHD is a significant problem that is encountered with considerable incidence [63].
The ability of placental MSC-EVs to reduce the symptoms caused by cutaneous cGVHD
has been reported, such as hyperpigmentations and ulcers caused by skin dryness [61].
Furthermore, placental MSC-EVs modulate inflammatory damage and intestinal dysbiosis,
which are important in the development of the pathogenesis of myocardial infarction [62].

2.2. Chorion-Derived EVs

The fetal portion of the placenta is represented by the chorion, which underlines the
decidua basalis grouping all the layers that enclose the embryo. It originates from the
trophoblast, which unites with the extraembryonic mesoderm [64]. The so-called chorionic
villi are finger-like projections of cytotrophoblast cells that characterize the surface of the
chorionic membrane. The form of these placental villi varies with the type of implantation
and placenta, and three weeks after fertilization, they are fully developed. The human
chorionic plate (hCP) is made up of two different layers: the chorion and amnion, facing the
intervillous space and the embryo, respectively. The hCP is externally lined by human syn-
cytiotrophoblast (hSTB) and villous human cytotrophoblast (hCTB). Furthermore, where
the cytotrophoblast meets and invades, the maternal decidua forms extravillous trophoblast
(EVT). The EVT is located at the feto-maternal interface [62]. The villous trophoblast is
characterized by two cell layers, that is, mononucleated cytotrophoblasts and the multinu-
cleated hSTB. Interestingly, villous cytotrophoblast cells undergo morphological changes
during pregnancy, with a cuboidal shape in early pregnancy which then gives way to more
flattened cells at term [65]. The hSTB is a layer of highly differentiated cells that do not
express the proteins of the major histocompatibility complex of class I or II (MHC-I and
MCH-II) on the cell surface essential for its immunological protection [66].

The chorion per se does not generate blood vessels per se but represents the tissue in
which the connecting vessels between the placental villi and the connective stalk (which
later will give rise to the UC) are located [64]. Silini et al. have suggested nomenclatures to
use for the MSCs present in them, that is, hCV-MSC for MSCs from the human chorionic
villi and hCL-MSC for MSCs derived from the human chorion laeve [5].
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During gestation, trophoblast cells perform key functions that depend on an increasing
number of structural and functional changes occurring at their expense and mediated by
the secretion of EVs [67]. For instance, a chromatographic study identified a specific
marker of EVs released by hSTB, i.e., placental alkaline phosphatase (PLAP) [68], and it
has been reported that PLAP is already present in the first trimester of normal pregnancy,
but significantly increases towards the end of pregnancy [52]. Moreover, it has been
demonstrated that hSTB continuously secretes EVs in the circulation of women with
preeclampsia, and these EVs are particularly enriched in pro-inflammatory molecules,
which can represent a danger signal for the detection of this pathology [69]. Moreover,
hSTB-derived EVs contain increased levels of molecules with angiogenic effects that could
be responsible for the alteration of maternal vascular responses [70]. Regarding hCTB-
derived EVs, a few studies have explored their function. For example, a study showed that
EVs can be released from the primary culture of hCTB cells in an oxygen tension-dependent
manner [50]. Another study identified the enrichment of TNF-α marker in hCTB-derived
EVs, with it able to increase decidual cell transcription and the secretion of NF-κB target
cytokines (such as IL8, IL6, CCL2, and CXCL1), which could be a hallmark of a successful
pregnancy [71].

Regarding MSCs derived from chorionic villi and chorion laeve, this distinction is
only related to the different regions of origin, as these cell subpopulations do not differ
from each other in their cellular characteristics and immunophenotypes [72]. Studies have
demonstrated that hCV-MSCs express MSC markers similarly to other MSC lineages [73].
Specifically, they were positive for CD44, CD73, CD90, CD105, and HLA-ABC markers,
but not for molecules such as HLA-DR, CD34, and CD19 [73]. Furthermore, they showed
markers of embryonic stem cells, such as TRA-1-61 and TRA-1-80 [74]. The absence of the
expression of immune markers renders them non-immunogenic. hCP-MSCs also express
typical MSC markers [75]. Moreover, hCV-MSCs do not exhibit the expression of CD14,
CD19, CD34, CD45, and HLA-DR surface antigens [75,76]; nevertheless, they feature HLA-
G, which is responsible for their immunomodulatory properties [77]. Studies indicate
that, compared to other perinatal stem cells, hCV-MSCs possess higher migration and
proliferation properties [74,75]. hCL-MSCs are plastic adherent cells that reflect the criteria
described by Parolini et al. [68].

Of note, MSC-derived EVs are also able to mediate many functions in pathological con-
ditions: for example, MSC-derived EVs favored liver regeneration through antifibrotic and
autophagic mechanisms in a hepatic failure model [78] and alleviated liver fibrosis induced
by carbon tetrachloride (CCl4) in a mouse model [79] (Table 2). It was further remarked
that chorionic plate MSC-derived EVs possess the ability to mediate angiogenic effects in
in vitro studies and are also able to strengthen angiogenesis in in vivo experiments [80]
(Table 2). Considering the EVs released from EVTs, it has been observed that in conditions
of low oxygen tension, EVT-derived EVs have the ability to increase the production of
TNFα by human umbilical vein endothelial cells (HUVECs), which results in a decrease in
their migratory capacity [81]. Lastly, EVs from hSTBs, hCTBs, EVTs, and placental promote
the migration of vascular cells necessary for angiogenesis during pregnancy [50].

2.3. Chorionic- and Amniotic Membrane-Derived EVs

The human amniotic membrane (hAM) lines the amniotic cavity containing the amni-
otic fluid (AF). Due to the extension and cellular heterogeneity of the amniotic membrane, a
subdivision in different zones has been proposed: the peripheral part of the membrane that
lines the chorion laeve has been indicated as the human reflex amniotic membrane (hRAM).
Instead, the portion of the membrane that lines the chorionic plate has been named the
human placental amniotic membrane (hPAM). The dramatic growth of the amniotic cavity,
starting at the fourth week of development, increases the contact between the hAM and
the chorion, leading to the formation of the human amnio-chorionic membrane (hACM).
Overall, the hACM constitutes the union between the fetal membranes with the chorionic
plate [82]. Specific abbreviations have been suggested according to the different cell sub-
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populations, namely: (i) human amniotic epithelial cells (hAECs), (ii) human amniotic
mesenchymal stromal cells (hAMSCs), (iii) human chorionic mesenchymal stromal cells
(hCMSCs), and (iv) human chorionic trophoblastic cells (hCTCs) [25]. Moreover, some
minimal criteria have been established for defining hAMSCs and hCMSCs, which include:
(i) the ability to adhere to plastic in in vitro conditions; (ii) the expression of MSC markers
such as CD90, CD73, and CD105 and a lack of hematopoietic molecules such as CD45, CD34,
CD14, and HLA-DR; and (iii) the ability to differentiate into one or more lineages, including
osteogenic, adipogenic, and/or chondrogenic [70]. The hAMSCs exhibit a fibroblast-like
cellular shape and retain their morphology until five passages in vitro [83]. Furthermore,
immunophenotype studies have confirmed that hAMSCs express CD29, CD44, CD73, CD90,
CD105, CD166, CK18, HCAM-1, and human leukocyte antigen HLA-ABC while being neg-
ative for markers associated with pluripotency [70,83–85]. Regarding hCM-derived MSCs,
they present a fibroblast-like morphology, plastic adherence capacity, and differentiation
potential consistent with the criteria reported by Parolini et al. [70]. hCM-derived MSCs
express the most commonly reported markers on their surface, such as CD13, CD29, CD44,
and others, but they are absent of the CD3, CD14, CD34, CD45, and CD31 markers [86].

Table 2. Therapeutic advantages of EVs released by chorion MSCs.

EVs’ Source Disease Model In Vitro and/or In
Vivo Experiments

Molecular Mechanism
Proposed

Pathophysiological
Effects References

Chorionic plate
MSC-EVs Hepatic failure In vitro and

in vivo

Increase in C-reactive
protein (CRP) and

vascular endothelial
growth factor (VEGF)

expression and
promotion of the Wnt

signaling pathway.

+ Regeneration
+ Proliferation
+ Angiogenesis
+ Autophagy
− Fibrosis

[78]

Chorionic plate
MSC-EVs Hepatic fibrosis In vivo

Inhibition of the
expression of

Smoothened (Smo) and
downregulation of

hedgehog (Hh)
signaling.

+ Regenerative
activity
− Fibrosis

[79]

Chorionic plate
MSC-EVs

Auricle ischemic
injury

In vitro and
in vivo

Increase in Tie2 and
Ang2.

+ Angiogenesis
+ Endothelial tube

formation
[80]

Thence, hAM- and AM-derived cells, at the end of pregnancy, represent a highly
abundant and accessible tissue that could be useful for diverse therapeutic applications [87].
hAECs have been the focus of extensive research over the past decades for their therapeutic
potential in various pathological conditions, especially considering their paracrine effects
as well as the production of EVs (hAE-derived EVs) [88]. It has been observed that in a
chemotherapy-induced premature ovarian failure (POF) mouse model, hAEC-derived EVs
restored ovarian function through inhibition of granulosa cell apoptosis and protecting the
ovarian vasculature from damage via the transfer of microRNAs [89] (Table 3). Considering
this aspect, in Table 3, we summarize studies that exploit the advantages gained by using
EVs derived from fetal membrane MSCs.
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Table 3. Therapeutic advantages of EVs released by amnio-chorionic membrane MSCs.

EVs’ Source Diseases Model
In Vitro and/or

In Vivo
Experiments

Molecular Mechanism
Proposed

Pathophysiological
Effects References

hAEC-derived EVs Premature
ovarian failure

In vitro and
in vivo

Enhancing the PPAR
and AMPK signaling

pathways and activation
of other biologic

pathways.

+ Ovarian function
− Granulosa cell

apoptosis
− Acute vascular injury
− Primordial follicle

activation

[89]

hAEC-derived EVs Acute kidney
injury

In vitro and
in vivo

Upregulation of various
signaling pathways, e.g.,

extracellular matrix
organization, cell

adhesion, and leukocyte
migration.

+ Proliferation
+ Angiogenesis

− Peritubular capillary
loss

− Apoptosis
− Ischemia–reperfusion

[90]

hAEC-derived EVs Diabetic wounds In vitro and
in vivo

Activation of the
PI3K-AKT-mTOR

pathway.

+ Proliferation and
migration of HFBs

+ Revascularization
+ Collagen deposition

- Inflammation

[91]

hAEC-derived EVs Wound healing In vivo

Stimulation of fibroblast
proliferation and

extracellular matrix
(ECM) remodeling.

+ Fibroblast
proliferation

+ Reorganization of
collagen fibers

+ Acceleration of wound
healing

[92]

hAEC-derived EVs Chronic Liver
Fibrosis

In vitro and
in vivo

Downregulation of
TGF-β1 signaling.

− Hepatic stellate cell
number

− Collagen production
− Hepatic macrophage

infiltration

[93]

hAEC-derived EVs Oxidative stress
in pregnancy In vitro

Activation of
ERK/MAPK, PI3K/AKT
pathways, as well as the

epithelial adherent
junctions.

Downregulation of the
LPS/IL-1 pathway.

− Inflammation in the
uterine cavity

+ Senescent fetal
membrane cells

+ Term parturition

[94]

hAMSC-derived
EVs

Orthopedic
disorders

In vitro and
preclinical

studies

Activation of various
pathways involved in

inflammation and
oxidative stress

processes.

+ Tissue repair
+ Regenerative features
− Inflammation

[95]

hAMSC-derived
EVs Hepatic fibrosis In vitro

Activation of TGF-β1
signaling and

deregulation of Col 1
and alpha-smooth actin

(αSMA).

+ Anti-fibrotic activity
− Pro-fibrotic markers

(such as I collagen)
− Growth of HSCs
− Deposition of

extracellular matrix

[96]

hCMSC-derived
EVs

Osteoarthritic
process In vitro

Modulation of the
activity, function, and
composition of target

cells.

+ Cartilage repair
+ Subchondral bone

remodeling
− Synovitis

[97]
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In immortalized human proximal tubular cells, hAEC-derived EVs ameliorated renal
tissue damage, preventing apoptosis, as well as capillary rarefaction together with im-
munomodulation activity [90]. Similarly, other studies have reported the positive biological
effects mediated by hAEC-derived EVs in diabetic [91] and non-diabetic wound healing
conditions [92]. Of note, diabetic wounds represent a serious complication of diabetes mel-
litus, for which the optimal therapeutic tools are still unknown. It was shown in an in vitro
study that hAEC-derived EVs favor the proliferation and migration of human fibroblasts
(HFBs) and human umbilical vein endothelial cells (HUVECs) and stimulate collagen depo-
sition, angiogenesis, and the wound-healing process in in vivo experiments [91], as well as
accelerating wound healing in a normal physiological process through their protein and
miRNA content [90]. Several in vitro studies have examined the immunomodulatory effect
of hAEC-derived EVs. Treatment of a mouse model of CCL4-induced hepatic fibrosis and
BM-derived macrophages with hAEC-derived EVs led to an increase in the polarization
of the macrophages towards the M2 phenotype and, consequently, a significant reduction
in liver fibrosis and macrophage infiltration, respectively [93]. The immunomodulatory
properties of hAEC-derived EVs were also assessed in different immune cell populations in
comparison to EVs obtained from human lung fibroblasts (hLF-EVs) in lung fibrosis condi-
tions by Tan and coworkers [98]. It was observed that hAEC-derived EVs are able to directly
reduce idiopathic pulmonary fibrosis and bleomycin-induced lung injury by polarizing
and increasing macrophage phagocytosis and by reducing neutrophil myeloperoxidase,
as well as by suppressing T cell proliferation directly via activation of the PI3K–AKT–
mTOR pathway [92]. The biological capacity of hAEC-derived EVs was further explored by
Sheller and colleagues in an oxidative stress situation induced by cigarette smoke during
pregnancy [94]. It is therefore evident that hAEC-derived EVs have anti-inflammatory
properties given their enrichment in factors that participate in immunomodulation, such as
P38, PI3K-Akt, and other proteins. Taken together, these results demonstrate that hAEC-
derived EVs have important repair potential in the treatment of various diseases, imitating
the effects of cell transplantation and avoiding the related shortcomings.

hAMSCs-derived EVs’ functional and molecular characterization remain fragmentary,
thus delaying their translation into clinical practice. Recently, hAMSC-derived EVs were
observed to mediate the healing of inflamed and diseased joints and tendons due to the fact
that they possess teno/chondroprotective characteristics, as well as the ability to induce the
polarization of M2 macrophages and the inhibition of inflammatory T cells, with consequent
promotion of Treg [95]. In this regard, miRNAs have been identified in hAMSC-EVs with
a cartilage protection role, namely miR-146a-5p and miR-24-3p and other less-expressed
miRNAs [95]. Additionally, the use of hAMSC-derived EVs allowed for a reduction in
fibrosis and extracellular matrix deposition, as well as the inhibition of the expression of
fibrotic genes in HSCs under hypoxic conditions rather than normoxic conditions [96].

Recently, EVs derived from the conditioned medium of hCMSCs (hCMSC-EVs) have
been isolated and characterized, demonstrating that EVs and their contents can be taken
up by different types of mesenchymal cells (i.e., synovial fibroblasts, osteoblasts, and
periosteum-derived MSCs) during the osteoarthritic process, suggesting their perspective
role in the treatment of disease [97].

2.4. Amniotic Fluid-Derived EVs

At around the seventh/eighth day of embryonic development, between the membrane
that directly covers the embryo (amnios, formed by amnioblasts) and the embryo itself,
a small space is formed, which will give rise to the amniotic cavity filled with AF [99].
Importantly, the AF is mainly composed of water (99%) and different nutrients and chemi-
cals that are constantly and rapidly exchanged between the fetus and the mother during
gestation. In addition, AF allows for fetal movement and growth within the uterus [100].
AF represents another rich source of perinatal MSCs, with minimal ethical concerns as-
sociated with its isolation. In general, they are collected safely during second-trimester
routine amniocentesis, third-trimester amnioreduction, or at the end of gestation, showing
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only minimal replicative senescence, which makes them a particularly attractive source of
stromal cells. AF includes a heterogeneous population of cells with phenotype and differen-
tiation potential variable according to the gestational age [101] and different donors [102].
So far, AF can be collected through a safe procedure (amniocentesis), a technique employed
for the prenatal diagnosis of chromosomal abnormalities and fetal infections. In the lit-
erature, several studies are present that highlight the presence of different populations
of human amniotic fluid-derived mesenchymal stromal cells (hAF-MSCs), with a broad
differentiation potential toward mesenchymal lineages (e.g., adipogenic, osteogenic, chon-
drogenic, and myogenic), as well as ectodermal (neurogenic) lineages, and they possess the
ability to adhere to plastic [103]. In addition, hAF-MSCs are cells with a spindle-shape, are
highly proliferative, and are able to form colonies, expressing surface markers that overlap
with some MSC markers (such as CD73 and CD90), but do not express hematopoietic and
endothelial markers (CD45, CD34, and CD31). It has also been assessed that hAF-MSCs
express Oct-4, especially at the first passages of an in vitro culture compared to later pas-
sages [104]. Moreover, hAF-MSCs possess SSEA4, TRA-1-60, and TRA-1-81 markers [105].
Importantly, AF can be employed as a source of cells with higher potency and with the
ability to differentiate into cells of all three embryonic germ layers without forming tumors,
identified as amniotic fluid stromal cells (AFSCs) [106]. hAF-MSCs present many properties
that could resemble human embryonic stem cells (ESCs), with them appearing to be safer
and more pluripotent than stem cells derived from BM [107,108]. Consequently, hAF-MSCs
represent a new class of stromal cells with properties of plasticity intermediate between
embryogenic and adult stem cell types [107,108]. Therefore, hAF-MSCs could be cultured
and modulated ex vivo under specific growth conditions and used for stem cell therapy.

In relation to the therapeutic utility of hAF-MSCs, various beneficial effects are known
to be mediated by secreted EVs (hAFMSC-derived EVs). Balbi and coworkers showed
that hAFMSC-derived EVs act as functional mediators of proliferative, antiapoptotic,
immunomodulatory, proangiogenic, and anti-inflammatory processes, which are key prop-
erties for regenerative therapy. In particular, they have shown that hAFMSC-derived EVs
modulate the expression of inflammatory (Il-1α, Il-6, and Il-4) and pro-resolving (Il-10)
cytokines, as well as blocking the infiltration of immunoglobulins into inflamed muscle
tissue [109]. In Table 4, we explored the potential benefit obtained with the use of EVs
derived from hAF-MSCs.

Table 4. Therapeutic advantages of EVs released by hAF MSCs.

EVs’ Source Diseases Model In Vitro and/or In
Vivo Experiments

Molecular Mechanism
Proposed

Pathophysiological
Effects References

hAFMSC-derived
EVs

Skeletal muscle
atrophy In vivo

Modulation of the
expression of

inflammatory (Il-1α,
Il-6, and Il-4) and

pro-resolving (Il-10)
cytokines.

+ Muscle strength
+ Supporting long-term

regeneration
− Inflammation

−Muscle degeneration

[109]

hAFMSC-derived
EVs Ischemic stroke In vitro

Activation of the
neurotrophic pathways

BDNF/TrkB and the
survival pathways

PI3K/Akt and ERK5, as
well as by the

suppression of the
death pathways

(p75/JNK).

+ Cell survival
+ Neuronal plasticity
+ Neural replacement
− Cognitive loss
− Apoptosis
− Inflammation
− Oxidative stress

[110]
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Table 4. Cont.

EVs’ Source Diseases Model In Vitro and/or In
Vivo Experiments

Molecular Mechanism
Proposed

Pathophysiological
Effects References

hAFMSC-derived
EVs Osteoarthritis In vitro and

in vivo

Increase in
anti-inflammatory

cytokines (e.g., IL-10)
and decrease in

pro-inflammatory
cytokines (e.g., IL-1b,

IL-6, TNF-α, and IL-12).

+ Cartilage repair
+ Cell proliferation

+ Cell migration
+ Cartilage matrix

synthesis
− Degeneration of

cartilage

[111]

hAFMSC-derived
EVs

Ischemic
myocardial

In vitro and
in vivo

Activation of
intracellular Ca2+

signals and activation
of downstream

Ca2+-dependent
processes.

+ Cardioprotection
+ Pro-angiogenic action

+ Proliferation
− Apoptosis

[112,113]

hAFMSC-derived
EVs Cutaneous injury In vivo

Inhibition of TGF-βR1
and TGF-βR2

expression.

+ Wound healing rate
+ Regeneration levels of

hair follicles, nerves,
and vessels

+ Natural distribution
of collagen fibers
− Fibroblast

differentiation
− Fibrotic scarring

[114]

hAFMSC-derived
EVs

Necrotizing
enterocolitis In vitro and vivo

Activation of
Wnt/β-catenin

pathway signaling.

+ Cellular regeneration
+ Mitigating damage in

intestinal tissue
− Acting against
intestinal injury
−Mucosal

inflammation

[115]

hAFMSC-derived
EVs

Premature
ovarian failure In vitro and vivo

Negative modulation of
cell apoptosis and

positive regulation of
cell survival.

+ Survival of granulosa
cells

+ Apoptotic resistance
[116]

As shown in Table 4, hAFMSC-derived EVs are capable of delivering neuroprotection
directly by favoring anti-apoptotic and pro-survival pathways in an oxygen and glucose
deprivation stroke model (ischemia–reperfusion model) [110]. Several miRNAs are also
able to confer neuroprotection in a stroke model, such as miR-146a-5p, miR154-5p, miR22-
3p, and others [106]. Interestingly, hAFMSC-derived EVs present immunoregulatory
properties that have been demonstrated to vary according to gestational age in an animal
model of osteoarthritis [111]. In this work, hAFMSC-derived EVs were able to counteract
cartilage damage by modulating macrophage polarization (M2 phenotype), influencing the
polarization of Treg and reducing the maturation of memory B cells, as well as increasing
pain tolerance [111]. About that, Beretti et al. found that hAFMSC-derived EVs from
conditioned medium (CM) act on the reduction in the proliferation of lymphocytes, in
particular on the subpopulation of T helper cells, while the hAFMSC-CM deprived of
EVs was shown to promote apoptosis. Moreover, through proteomic analyses, they found
differential EV cargo in hAFMSC-CM compared to AF and slightly higher content of
proteins involved in cell growth, such as in the HGF and TGFβ 1 and 2 hAFMSC-CM
samples [117]. In ischemic myocardial infarction, hAFMSC-derived EVs’ administration
in mice results in a prolonged cardio-active effect with improvement in cardiac function
up to 1 month from treatment [112,113]. Likewise, the administration once a week of
hAFMSC-EVs improved wound healing in a preclinical rat model of cutaneous injury [114].
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It is known that hAFMSC-derived EVs provide information specific to normal and
abnormal parturition. In this regard, a proteomic profile analysis, with the enrichment
of key inflammatory markers, allowed us to distinguish hAFMSC-derived EVs isolated
from patients who had spontaneous preterm birth or premature rupture of membranes
compared with those who delivered at term [118]. Furthermore, it was observed that
there was differential expression of antiangiogenic factors in normal and preeclamptic
hAFMSC-derived EVs, both at the surface and cargo levels, reflecting the general hypoxic
and antiangiogenic status of preeclampsia conditions [119]. Considering pediatric diseases
and malformations, hAFMSC-derived EVs may represent important therapeutic tools.
For instance, in necrotizing enterocolitis (NEC), a devastating intestinal disease primarily
affecting preterm neonates, hAFMSC-derived EVs may act as intercellular messengers able
to attenuate intestinal injury in a Wnt-dependent manner [115].

Interestingly, it has been reported that other features of hAFMSC-derived EVs may
reside in their anti-apoptotic, pro-angiogenic, and immune-modulatory activities, prospec-
tively of interest in anticancer therapy. For example, hAFMSC-derived EVs were shown to
inhibit apoptosis and support the survival of damaged granulosa cells, thus preventing
ovarian follicles from atresia in mice following chemotherapy [116].

2.5. Umbilical Cord-Derived EVs

The hUC connects the embryo, and then the fetus, to the placenta, allowing the
exchange of nutrients and gasses during gestation. The UC is formed when the body
stalk (including the allantois), umbilical blood vessels, and allantoid duct along with the
umbilical coelom are surrounded by diffuse amnion. The extraembryonic mesoderm of
all the ducts in the UC merges together, giving rise to a mucoid connective tissue called
“Wharton’s jelly” (human umbilical cord Wharton’s jelly, hUC-WJ) described for the first
time by Thomas Wharton in 1656 [120]. This particular tissue features a population of
cells resembling fibroblasts which are enclosed in an abundant extracellular matrix and
largely formed by amorphous substances (proteoglycans) with lesser fibrillar molecules
(collagen, elastic, and reticular fibers). The external layer of the UC is lined by a specialized
epithelium (mono- to pluristratified), named the periderm, of ectodermal origin. The
UC contains three vessels, one vein and two arteries, which mediate the exchange of
oxygenated/deoxygenated blood and nutrients between the placenta and the fetus [121].
At term gestation, the UC is approximately 50 cm long and 2 cm in diameter [117,118].
Considering the MSCs derived from the UC, the nomenclature accepted is hUC-AMSCs for
amniotic MSCs derived from the hUC, hUC-WJ-MSCs for MSCs isolated from hUC-WJ,
hUC-saWJ-MSCs for MSCs obtained by human umbilical cord sub-amnion Wharton’s
jelly, and hUC-iWJ-MSCs for MSCs from a lineage of human umbilical cord intermediate
Wharton’s jelly [122–124]. Finally, the nomenclature for MSCs isolated from AF is hAF-
MSCs, whereas for MSCs obtained by human basal and parietal decidua, it is hBD-MSCs
and hPD-MSCs, respectively [5].

The cells can be isolated in both the UC blood UCB and UC tissue [5]. hUC-MSCs are
fibroblast-like and plastic adherent cells, expressing CD13, CD29, CD44, CD73, CD90, and
CD105 markers but lacking HLA-DR and other markers. Furthermore, they could give
rise to cells belonging to all three germ layers [125]. It is generally acknowledged that for
regenerative medicine applications, hUC-MSCs may represent an excellent alternative to
BM-MSCs. Comparative studies have shown that the former is less immunogenic, features
higher proliferation rates, and has greater anti-inflammatory properties [126,127]. Currently,
there is a consensus that MSCs isolated from Wharton’s jelly display characteristics of other
perinatal MSCs [68]. Interestingly, hUC-WJ-MSC can have two different morphologies:
cells with a flat cell body or slender fibroblast-like cells [128]. We and others around
the world have extensively studied the isolation, characterization, and differentiation
potential of hUC-MSCs. They express CD10, CD13, CD29, CD44, CD54, CD73, CD90,
CD105, Stro-1, MHC class I (classical HLA-A, -B, and -C and non-classical HLA-G, -E, and
-F) but are negative for the hematopoietic and endothelial markers CD14, CD19, CD31,
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CD34, CD38, CD45 CD66b, CD80, CD86, CD106, CD133, and HLA-DR [129–132]. In the
literature, it has also been reported that hUC-WJ-MSCs express TRA-1-60, TRA-1-81, SSEA-
1, and SSEA-4, even if their expression is questionable due to the discordant and uncertain
results. As pluripotent stem cell markers, hUC-WJ-MSCs feature NANOG, Rex-1, and
Sox-2 [133–136]. Like other populations of perinatal MSCs, UC-MSCs can differentiate
into cells belonging to all germ layer derivatives [137,138]. Moreover, the hUC features the
expression of immunosuppressive factors, such as TGF-β2, suggesting their role in immune
modulation [138]. When compared to adult-derived MSCs, hUC-MSCs have a higher
production rate of EVs as part of their complex secretome and their biological roles [139].
Importantly, the results of a cytokine profile analysis revealed that hUCMSC-derived EVs
contained GM-CSF, IL-15, IL-6, IL-8, TNF-α, IL-1β, IL-2, and IL-10 [140]. Li et al. showed
that hUCMSC-derived EVs ameliorate the CCl4-induced liver fibrosis in vivo model by
mediating hepatic protection and inhibiting the detrimental epithelial-to-mesenchymal
transition of hepatocytes [141]. As described in Table 5, umbilical cord UCMSC-derived
EVs have been tested for different therapeutic applications.

Table 5. Therapeutic advantages of EVs released by umbilical cord MSCs.

EVs’ Source Diseases Model In Vitro and/or In
Vivo Experiments

Molecular Mechanism
Proposed

Pathophysiological
Effects References

hUCMSC-derived
EVs Liver fibrosis In vivo

Inactivation of
TGF-β1/Smad signaling

pathway.

+ Tissue repair
+ Liver function
− Reduction in

collagen deposition
− Inflammation

[141]

hUCMSC-derived
EVs

Acute kidney
injury

In vitro and
in vivo

Activation of ERK1/2
pathway signaling and
inhibition of p38 MAPK

pathway signaling.

+ Kidney tubular cell
proliferation
− Necrosis of the

proximal epithelium
− Apoptosis

[142]

hWJMSC-derived
EVs

Acute kidney
injury

In vitro and
in vivo

Activation of Nrf2/ARE
pathway signaling.

+ Tissue repair
− Apoptosis

− Oxidative stress
[143]

hUCBMSC-
derived

EVs
Liver fibrosis In vivo

Downregulation of the
TGF-β-ID1 signaling

pathway and regulation
of the MMP/TIMP

balance.

+ Liver function
− Collagen
production

− HSC proliferation

[144]

hUCMSC-derived
EVs

Inflammatory
bowel disease

In vitro and
in vivo

Regulating the
expression of cytokines

(decrease in TNF-α,
IL-1β, and IL-6 but an

increase of IL-10 in colon
tissues and the spleen).

Inhibition of the
expression of IL-7 in

macrophages.

− Infiltration of
macrophages
− Inflammation
− Tissue injury

[145]

hUCMSC-derived
EVs Uveoretinitis In vivo

Activation of
MYD88-dependent

signaling via Toll-like
receptor (TLR) 4 ligands
in monocytes, induction

of the M2-like
macrophage phenotype,
and stimulation of CD4+

T cells.

+ Protection of
retinal structure

+ Retinal function
− Leukocyte
infiltration

− Inflammation

[146]
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Table 5. Cont.

EVs’ Source Diseases Model In Vitro and/or In
Vivo Experiments

Molecular Mechanism
Proposed

Pathophysiological
Effects References

hUCMSC-derived
EVs

Myocardial
infarction In vitro

Increase in Bcl-2 in
cardiomyocytes and

ATP levels. Decrease in
oxidative stress and

activation of PI3K/Akt
pathway signaling.

+ Myocardium
regeneration

+ Cell proliferation
in the border zone

+ Angiogenesis
− Cardiac fibrosis
− Cardiomyocyte

apoptosis

[147]

hUCMSC-derived
EVs

Myocardial
infarction In vitro

Inhibition of SOX6 and
the JNK3/caspase-3

pathway and activation
of AKT.

+ Cardiac repair
+ Cardiac

regeneration
+ Enhanced

myocardial viability
− Oxidative stress

[148]

hUCMSC-derived
EVs Endometrial injury In vitro

Activation of the
PTEN/AKT signaling

pathway, as well as
upregulation of Bcl-2

and downregulation of
cleaved caspase-3.

+ Cell survival of
damaged cells

+ Proliferation of
damaged cells

+ Regeneration of
tissue

− apoptosis

[149]

hUCMSC-derived
EVs Atopic dermatitis In vitro and

in vivo

Suppression of T cell
activation via reductions

in the levels of IFN-γ
(Th1 cell marker), IL-17
(Th17 cell marker), IL-4,
IL-5, and IL-13 (Th2 cell

marker), and
B-cell-mediated serum

IgE. Inhibition of NF-κB
activity.

− Atopic
histopathological

symptoms
− Allergic responses

systemically
− Inflammation
− Immune
responses

[150]

hUCMSC-derived
EVs Wound healing In vitro

Enrichment in VEGF-A,
FGF-2, HGF, and

PDGF-BB and TGF-β
molecules.

+ Dermal fibroblast
proliferation

+ Keratinocyte
proliferation

[151]

hUCMSC-derived
EVs

Traumatic spinal
cord injury

In vitro and
in vivo

Decrease in
pro-inflammatory

cytokines, such as IL-1β
and IL-6.

+ Long-term
regenerative

processes
− Inflammation
− Scarring activity

[152]

hWJMSC-derived
EVs

Hypoxic–ischemic
insult In vitro Regulation of caspase 3

(Casp3) transcription.

+ Neuroprotection
+ Neuroregeneration
− Apoptosis

−
Neurodegeneration

[153]

hUCMSC-derived
EVs Lung cancer In vitro

Reduction in PTEN
protein expression by
transferring miR-410.

+ Migration
+ Growth

+ Metastasis
[154]

hUCMSC-
Ederived

EVs

Pancreatic ductal
adenocarcinoma

In vitro and
in vivo

Downregulation of
Smad3 and the

mesenchymal marker
N-cadherin.

Upregulation of Bax.

+ Apoptosis
+ Cell cycle arrest
− Cell proliferation
− Invasion

[155]
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Table 5. Cont.

EVs’ Source Diseases Model In Vitro and/or In
Vivo Experiments

Molecular Mechanism
Proposed

Pathophysiological
Effects References

hUCMSC-
Ederived

EVs
Breast cancer In vitro and

in vivo

Downregulation of
protein levels of

E-cadherin and Bax, as
well as downregulation

of protein levels of
N-cadherin, vimentin,

Bcl2, and Bcl-xl.

+ Apoptosis
− Cell proliferation
− Invasion
−Migration

[156]

hWJMSC-derived
EVs Bladder carcinoma In vitro and

in vivo

Downregulation of the
phosphorylation of Akt

protein kinase and
activation of p53/p21

and caspase 3.

+ Apoptosis
− Cell proliferation
−Metastasis

[157]

UCBMSC-derived
EVs

Autoimmune
encephalomyelitis

In vitro and
in vivo

Inhibition of IL-2
signaling.

+ Suppression of T
cell proliferation
− Inflammation

[158]

Similarly, hUCMSC-derived EVs have provided evidence of their ability to acceler-
ate the functional and morphological recovery of cisplatin-induced acute kidney injury
by promoting proliferation and damage repair once incorporated into damaged epithe-
lium, a result that has been observed both in vitro and in vivo [142]. Interestingly, IV-
administered hWJMSC-derived EVs preserved kidney function and decreased serum
levels of the AKI marker neutrophil gelatinase-associated lipocalin in a unilateral kid-
ney ischemia model [143], and hUBCMSC-derived EVs are instead suggested for the
treatment of liver fibrosis [144]. Furthermore, hUCBMSC-derived EVs improve dextran
sulfate sodium-induced inflammatory bowel disease through the modulation of IL-7 ex-
pression in macrophages [145], whereas by inhibiting inflammatory cell migration into
the eye, they ameliorate the autoimmune disease uveoretinitis [146]. As therapeutic tools,
hUCMSCs-derived EVs have also been explored for myocardial ischemia–reperfusion
injury, since it was observed that they protected myocardial cells from apoptosis along-
side promoting angiogenesis and cell proliferation [147]. It has been demonstrated that
hUCMSC-EVs are enriched in miR-19, with them able to protect cardiomyocytes against
myocardial infarction [148]. Additionally, hUCMSC-EVs played an active role in repairing
mifepristone-injured human endometrial stromal cells [149]. In atopic dermatitis [150]
and wound healing [141], hUCMSC-derived EVs transferred many factors to recipient
cells, such as VEGF, MCP-1, IL-6, and IL-8, involved in inflammation processes. In vitro
and in vivo studies confirmed that hUCMSC-derived EVs can interact directly with rat
primary microglia cells in a model of traumatic spinal cord injury (SCI) through anti-
inflammatory effects (e.g., reducing the expression of IL-1β and IL-6) and mediating a
reduction in scarring activities, mimicking parental MSCs in the early phase of secondary
injury [152]. Importantly, in an in vitro study of hypoxic–ischemic injury in the perinatal
phase, let-7-5p miRs in hWJMSC-derived EVs were found to confer neuroprotection and
stimulate neuroregeneration while limiting the severity of injury [153]. Furthermore, it
has also been shown that engineered hUCMSC-EVs, featuring CD73 (ecto-5′-nucleotidase)
overexpression, ameliorated inflammation in a mouse model of SCI [159].

In lung cancer cell lines, hUCMSC-derived EVs are capable of promoting migration
and invasion by transferring miR-410 [154]. Instead, in pancreatic ductal adenocarcinoma
and in breast cancer, the hUCMSC-derived EVs inhibit cell proliferation and invasion, as
well as favoring cell cycle arrest and apoptosis [155,156]. Contradictory results obtained
by Zhou and colleagues showed that hUBMSC-derived EVs promoted the invasion and
migration of breast cancer cells and promoted the induction of EMT through the activation
of the ERK pathway [160]. Likewise, Zhao et al. found that hUCMSC-derived EVs are also
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able to promote EMT transition in lung cancer, although inhibition of EMT is achieved once
the TGF-β pathway in MSCs is blocked [161]. Of note, hWJMSC-derived EVs promoted
anti-proliferative and pro-apoptotic effects in bladder carcinoma [157]. Moreover, it has
been found that hUCMSC-derived EVs are enriched in miR-124, which acts as a tumor
suppressor in various cancers [162].

In perinatal brain injury treatment, WJ-MSCs have been shown to reduce neuroin-
flammation and induce neuro-regeneration [163]. The effects of hWJMSC-derived EVs
may reside either in reducing microglial inflammation, as observed by Thomi and cowork-
ers, or, in particular, by interfering with the TLR4/CD14 signaling cascade. The authors
concluded that this may lead to a reduction in the transcriptional levels of inflammation-
related genes [29]. Furthermore, hWJMSC-derived EVs mediated neuroprotection against
amyloid beta oligomer (AβO)-induced neuronal oxidative stress and synapse damage
in an in vitro model of Alzheimer’s disease (AD) and for other neurodegenerative dis-
orders [164]. The hWJMSC-derived EVs containing miR-30 improved renal recovery in
an ischemia–reperfusion injury model [165]. Furthermore, it has also been shown that
EVs derived from human umbilical vein endothelial cells (HUVEC-derived EVs) can be
used in regenerative medicine applications. In particular, these cells can act positively
on neural stem cells (NSCs) both in terms of proliferation and stemness, thus displaying,
almost in vitro, the potential to expand the NSC pool during brain regeneration [166]. For
instance, HUVEC-derived EVs may reduce oxidative stress by inhibiting mitochondrial
RNA-processing endoribonuclease in neurons via the induction of miR-206/miR-1-3p
levels [167]. Moreover, the UCB represents a source of MSCs with key immunomodulatory
properties during the maintenance of pregnancy, and not only that, but they also possess
capabilities to release EVs (UCBMSC-derived EVs) with important immunosuppressive
functions [158].

3. New Technologies for the Application of EVs

Perinatal MSCs are emerging as a strong candidate for a new source of MSCs that
could be suitable to replace adult MSCs as they can be procured by noninvasive procedures
and there are no ethical controversies surrounding them. It is beyond doubt that most of
the perinatal sources of stem cells that we have reviewed here present key improvements
over adult MSCs in terms of availability, proliferation rate, efficacy, and safety for both
donor and recipient [168–171]. However, the poor efficacy of cell therapy is one of the
factors that considerably limits its use. In the past decade, evidence has accumulated
showing that EVs can display numerous biological properties that vary according to their
parental cells. The publications cited in the previous sections outline an extensive and
growing list of potential applications of EVs derived from perinatal tissue in the treatment
of different diseases. Recent research has shown the beneficial effects of EVs released
from perinatal MSCs per se but they can also be bioengineered to generate an EV product
with enhanced or altered therapeutic properties by genetic engineering or priming, post-
release modifications, and other methods [11,172]. Therefore, these approaches require
maintaining the physicochemical stability and functional stability of the engineered vesicles
and maintaining the safety of the final product. To date, biomaterials of different kinds, such
as hydrogels or scaffolds, are being widely employed in order to deliver EVs locally and for
tissue engineering, thereby prolonging the retention of EVs at target sites and ameliorating
their therapeutic efficacy delivery [173,174]. It has been shown that UCMSCs yielded four
times as many EVs per cell than MSCs from BM or adipose tissue did in scalable three-
dimensional (3D) microcarrier-based cultures, thus demonstrating that EVs derived from
the 3D culture of UCMSCs exhibited a superior curative effect in the treatment of cartilage
defects compared to the 2D culture [175]. Another study developed a collagen scaffold
laden with hUCMSC-derived EVs in a rat endometrium-damage model. The authors
showed that the in vivo transplantation of the scaffold packaged with EVs enhanced
endometrial regeneration and collagen remodeling, as well as fertility restoration. Of note,
the in vitro and in vivo experiments carried out have highlighted the close relationship
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established between the scaffold potency containing the EVs and the polarization of the
M2 macrophages, responsible for this miRNA enriched in EVs [176]. Yang et al. reported
the effectiveness of the delivery of hUCMSC-derived EVs in pluronic F-127 hydrogel for
the treatment of chronic diabetic wounds. In fact, the wound healing process was faster
with overall better epithelial regeneration when a composite of exosomes in a hydrogel
was used with respect to the exosomes alone or the hydrogel alone [177]. Moreover,
hUCMSC-EVs encapsulated in hydrogel scaffolds provide myocardial regeneration [178].
Finally, this review provides a concise analysis of current perinatal MSC-derived EV-based
clinical applications.

4. Future Perspectives

Overall, EVs secreted from perinatal MSCs exhibit key therapeutic effects such as
tissue repair and regeneration, the suppression of inflammatory responses, immune system
modulation, and a variety of other functions. Although the properties of MSCs-derived
perinatal EVs and their significant potential for therapeutic success are recognized, several
challenges still remain that need to be addressed. First of all, from a practical point of
view, the standard methodologies for the isolation and large-scale production of EVs, as
well as their characterization and administration, require standardized protocols to be
applied as effective, safe, and potent cell-free therapies. Overall, the knowledge in the
research underlining the therapeutic mechanism of action of perinatal MSC-derived EVs,
together with the development of preclinical models to test their therapeutic efficacy could
contribute to new findings on the applicability of perinatal MSC-derived EVs necessary to
achieve translation and successful clinical implementation.
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chronic graft-versus-host disease; dMSC: decidua mesenchymal stromal cells; ECM: extra-
cellular matrix; eEVT: external extravillous trophoblast; ESCs: embryonic stem cells; EVs:
extracellular vesicles; EVT: extravillous trophoblast; FGF: fibroblast growth factors; GFAP:
glial fibrillary acidic protein; hAEC: human amniotic epithelial cells; hAF-MSCs: human
amniotic fluid mesenchymal stromal cells; hAC-MSCs: human amnio-chorion mesenchy-
mal stromal cells; hCTC: human chorionic trophoblast; hD-MSCs: human decidua mes-
enchymal stromal cells; hCP: human chorionic plate; hCTB-MSCs: human cytotrophoblast
mesenchymal stromal cells; hCV-MSCs: human chorionic villi mesenchymal stromal cells;
hCL-MSCs: human chorion laeve mesenchymal stromal cells; HFBs: human fibroblast;
HGF: hepatocyte growth factor; Hh: hedgehog; hLF: human lung fibroblast; hPAM: human
placental amniotic membrane; hRAM: human reflex amniotic membrane; hSTB-MSCs:
human syncytiotrophoblast mesenchymal stromal cells; hUC-MSCs: human umbilical cord
mesenchymal stromal cells; HUVEC: human umbilical vein endothelial cells; iEVT: inner
extravillous trophoblast: IL: interleukin; IFN-α: interferon alpha; LPS: lipopolysaccharide
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binding protein; MCP1: monocyte chemoattractant protein-1; MSCs: mesenchymal stromal
cells; mTOR: mammalian target of rapamycin; MyD88: myeloid differentiation primary
response 88; NEC: necrotizing enterocolitis; PALP: alkaline phosphatase; PDGF: platelet-
derived growth factor; TLR: toll-like receptors; PI3K: fosfatidilinositol-3-chinasi; POF:
premature ovarian failure; PPAR: peroxisome proliferator-activated receptors; NRF2: nu-
clear factor erythroid 2–related factor 2; keap1: ECH associated protein 1; PAX6: paired Box
6; PnD: perinatal derivates; SCI: spinal cord injury; Smo: smoothened; SSEA4: expression of
stage-specific embryonic antigen-4; STB: syncytiotrophoblast; Tie: angiopoietin-1 receptor;
TGF-β1: transforming growth factor beta 1; TNF-α: tumor necrosis factor; TRA-1-60: T
cell receptor alpha locus; VEGF: vascular endothelial growth factor; Wnt: wingless-related
integration site; WJ-MSCs: Wharton’s jelly mesenchymal stromal cells.
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