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Abstract

Mesenchymal stem cells (MSCs) are the most frequently used stem cells in clinical
trials due to their easy isolation from various adult tissues, their ability of homing
to injury sites and their potential to differentiate into multiple cell types.
However, the realization that the beneficial effect of MSCs relies mainly on their
paracrine action, rather than on their engraftment in the recipient tissue and
subsequent differentiation, has opened the way to cell-free therapeutic strategies
in regenerative medicine. All the soluble factors and vesicles secreted by MSCs are
commonly known as secretome. MSCs secretome has a key role in cell-to-cell
communication and has been proven to be an active mediator of immune-
modulation and regeneration both in vitro and in vivo. Moreover, the use of
secretome has key advantages over cell-based therapies, such as a lower
immunogenicity and easy production, handling and storage. Importantly, MSCs
can be modulated to alter their secretome composition to better suit specific
therapeutic goals, thus, opening a large number of possibilities. Altogether these
advantages now place MSCs secretome at the center of an important number of
investigations in different clinical contexts, enabling rapid scientific progress in
this field.

Key Words: Mesenchymal stem cells; Secretome; Soluble factors; Extra-cellular vesicles;
Exosomes; Bone regeneration

©The Author(s) 2020. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Mesenchymal stem cells (MSCs) produce a high number of bioactive
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molecules and extracellular vesicles, known as secretome, which exerts important
paracrine effects on neighbouring cells and tissues. The use of MSCs secretome in
tissue regeneration therapies would circumvent the problems linked to MSCs-based
therapies, such as low cell survival and engraftment, which importantly limit their
therapeutic efficacy, or the negative side effects associated with the administration of
these cells.

Citation: Gonzalez-Gonzalez A, Garcia-Sanchez D, Dotta M, Rodriguez-Rey JC, Pérez-Campo
FM. Mesenchymal stem cells secretome: The cornerstone of cell-free regenerative medicine.
World J Stem Cells 2020; 12(12): 1529-1552

URL: https://www.wjgnet.com/1948-0210/full/v12/i12/1529.htm

DOI: https://dx.doi.org/10.4252/wjsc.v12.112.1529

INTRODUCTION

Over the last few years, mesenchymal stem/stromal cells (MSCs) have emerged as a
promising therapeutic option, being the focus of many studies in the field of
regenerative medicine. This specific type of stem cells has unparalleled features that
make them a valuable tool for tissue repair. MSCs are fibroblast-like cells, present in
various adult tissues that have retained a high degree of plasticity, and are able to
differentiate into various mesodermal, ectodermal and endodermal lineages!.
Although initially it was precisely this differentiation potential, together with the
ability of homing to injury sites, that attracted the interest of the scientific community,
it has been shown that the regenerative potential of MSCs is overall very limited,
particularly in pathological environments. MSCs are present in many tissues, but in
very low numbers, making necessary an expansion period upon harvesting in order to
be able to obtain the number of cells needed for the subsequent procedure. Even when
this expansion step is successful and a high number of cells are transplanted in the
procedure, the cells frequently have very reduced viability and low engraftment in the
recipient tissuel”. Factors such as the age of the donor, the number of passages during
the in vitro expansion, the culture conditions, the administration procedure and the
pathological microenvironment encountered by the transplanted cells, adversely
impact the cells ability to survive and engraft in the recipient tissue. Even after
successful engraftment, MSCs seem to be unable to properly direct angiogenesis, a
crucial step for successful tissue regeneration”. Currently many studies are trying to
overcome these drawbacks by genetically modifying MSCs and optimizing their
culture conditions!”, but overall, important limitations still remain concerning MSCs
biosafety. Recent studies have shown the potential tumorigenicity of MSCs and the
risk of infection during the isolation and administration procedures™, the possibility
of transmission of zoonotic diseases due to the use of fetal bovine serum during the in
vitro expansion stage!’, their putative pro-fibrogenic potential and lung-entrapment
related embolism after systemic administration of MSCs*! and the heterogeneity of
the MSCs population in terms of differentiation potential!'’l. Despite all the constraints
linked to the therapeutic procedures using MSCs, these cells could still be highly
useful in the regenerative medicine field due to other important qualities. While
initially the techniques related to MSCs in tissue engineering have been based on their
cellular aspects, many studies now support that the beneficial effect of transplanted
MSCs reported in some applications is related to their important paracrine activity
rather than to their ability to differentiate towards specific cell lineages. In fact, as
much as 80% of the regenerative potential of transplanted MSCs has been linked to
that paracrine activity!l. MSCs produce and secrete a wide variety of bioactive
molecules in response to different microenvironment conditions and are even referred
to as “trophic factories”. The combination of all the trophic factors or molecules
secreted by these cells to the extracellular space is known as secretome. The term
secretome includes two different components: A soluble fraction, mainly constituted
by cytokines, chemokines, immuno-modulatory molecules and growth factors!'’, and a
vesicular fraction, comprised of different types of vesicles with a crucial role in the
delivery of microRNAs and proteins involved in cell-to-cell communication’l.

The use of the MSCs-derived secretome in tissue engineering has many important
advantages over stem-cell based applications!’. Firstly, it avoids the surgical
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intervention needed to source the cells and the associated risks involved, as well as the
subsequent in vitro expansion of those cells. Secondly, the use of secretome also
prevents all the aforementioned drawbacks linked to the administration of MSCs.
Moreover, the secretome can be considered a pharmaceutical agent and, thus, it might
be evaluated in the same way for dosage and safety. However, most importantly, the
composition of the secretome is notably affected by diverse stimuli present in the
microenvironment, allowing us to alter it to better suit specific therapeutic goals.

Although the research on the regenerative capacity of MSCs secretome is scarce
compared to that on the regenerative potential of MSCs, the preclinical tests
performed up to date have already shown significant positive results and few adverse
effects linked to the use of this product. The current review aims to assess the role of
MSCs secretome as the main trigger of their regenerative activity, describing the main
components of the soluble and vesicular parts and the key biological processes in
tissue regeneration positively affected by these bioactive components.

MSCs-DERIVED SOLUBLE FACTORS

MSCs are able to secrete a variety of autocrine and paracrine factors including
cytokines, chemokines, extracellular matrix (ECM) proteases and growth factors,
enabling the possibility to use them as a potential cell-free based therapy source!””l. The
bone marrow (BM)-MSCs derived biomolecules have been widely investigated to
better clarify their potentiall'®l. In fact, proteomic analyses have revealed the presence
of up to 1533 proteins!"”**l that participate in different biological processes. A summary
of this information is displayed in Figure 1.

Modulation of the immune system and inflammation

MSCs are able to affect innate and adaptive immune system responses to different
stimuli by means of cell-to-cell contact, but also through the secretion of specific
factors. There is mounting evidence of a relation between MSCs soluble factors and
immune cells such as lymphocytes, dendritic cells (DCs), natural killer (NK) cells and
macrophages. MSCs have an immunosuppressive role towards myeloid DCs. MSCs
down-regulate the surface expression of co-stimulatory molecules such as, CD40 and
CD86, and the major histocompatibility complex II (MHC-II), and hamper the initial
differentiation of DCs from peripheral blood monocytes, producing, overall hypo-
responsive T-cells!'”l. The secretion of prostaglandin E2 (PGE2), indoleamine 2,3-
dioxygenase (IDO), transforming growth factor-p1 (TGF-p1), interleukin-6 (IL-6) and
nitric oxide (NO) by MSCs has shown to strongly weaken NK cytotoxic activity and
proliferationl.

MSCs also have an important role in the regulation of macrophages, whose action is
critical for inflammation response and tissue regeneration. Macrophages can generate
from monocytes through a classical activation pathway (M1) or by an alternative
pathway (M2). Whereas M1 macrophages are characterized by the production and
release of pro-inflammatory cytokines, M2 macrophages are considered to have an
anti-inflammatory role and are responsible for the release of IL-10. MSCs promote the
M2 polarization of macrophages both in vivo and in vitroP"! via production of anti-
inflammatory mediators such as interleukin-10 (IL-10), and inflammatory cytokines
down-modulation®.

Concerning the adaptive immune response, MSCs can also have an effect on T and
B-lymphocytes activation, proliferation and differentiation. MSCs can inhibit T-cell
alloantigen-dependent proliferation in a dose-dependent manner. Among the secreted
factors affecting T-cell biology, we can distinguish hepatocyte growth factor (HGF),
TGEF-B1, IDO, PGE2 and IL-10. The differentiation pathway is also polarized toward T
regulatory cells, one of the CD4* subclasses of T lymphocytes involved in the cellular
immune response and preventing autoimmune diseases™*l. Moreover, MSCs can
encourage regulatory T type 1 (Trl)-like cells that are characterized by interferon-y
(IFN-y) and IL-10 secretion™]. Concordant with these data, graft-versus-host disease
patients who received treatment with MSCs showed a subsequent increase in CD4*
CD25* Foxp3* and Tr1 populations™. With regard to B cells, their humoral activity is
also affected by MSCs. MSCs can diminish the amount of chemokine receptors such as
C-X-C chemokine receptor type 4 (CXCR4), CXCR5 and CXCR7, decreasing their
overall activation rate, although the expression of molecules implicated in the antigen
presentation step is not affected. Also, MSCs-derived CC-chemokine ligand-2 (CCL2)
suppresses signal transducer and activator of transcription 3 (STAT3) activity,
resulting in down-regulation of Paired box 5 totally inhibiting normal
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Figure 1 Summary of the various soluble factors secreted by mesenchymal stem cells and their functions. HGF: Hepatocyte growth factor;
TGF-B: Transforming growth factor—f3; IDO: Indoleamine 2,3-dioxygenase; PGE2: Prostaglandin E2; IL: Interleukin; DCs: Dendritic cells; CCL: CC-chemokine ligand;
NKs: Natural killer cells; MSCs: Mesenchymal stem cells; CXCR: C-X-C chemokine receptor type; VEGF: Vascular endothelial growth factor; IGF: Insulin-like growth
factor; FGF: Fibroblast growth factor; Nrf2: Nuclear factor erythroid-related factor 2; HIF: Hypoxia-inducible factor; SDF: Stromal cell-derived factor; PDGF: Platelet-
derived growth factor; ANG1: Angiogenesis 1; MCP-1: Monocyte chemotactic protein-1; ROS: Reactive oxygen species; hCAP: Human cathelicidin anti-microbial
peptide; HO-1: Heme oxygenase; NO: Nitric oxide. This figure was created with Biorender.com.

immunoglobulin synthesis. Therefore, B-cells chemotactic activity and antibody
production are extremely affected after MSCs injection*’l.

One aspect worth stressing is the fact that MSCs immunomodulation is not
permanently effective but rather relies on the strength and type of inflammatory
stimulation. In fact, MSCs can sense the surrounding microenvironment and increase
or diminish their activity?”! driving a dual effect regarding inflammation modulation.
Initially, damaged tissue needs an acute inflammation response. However, the
subsequent repair phase, is favoured by an immunosuppressive state. Toll-like
receptors (TLRs) guide MSCs during these phases with TLR4 triggering a pro-
inflammatory response and TLR3 repression of immune system activity. The
interaction between MSCs and inflammatory molecules can affect MSCs paracrine
effects””], where an abundance of pro-inflammatory mediators [e.g. tumor necrosis
factor-a (TNF-a) and IFN-vy], typical of tissue injuries, will facilitate a MSCs-dependent
pro-inflammatory response. On the other hand, the activation of cytokines such as IL-1
and IL-6 supports the down-regulation of B and T cells activity™.

Anti-apoptotic activity

In conditions characterized by a strong inflammatory response, such as sepsis and cell
injuries, endothelial, epithelial and immune cells undergo apoptosis by activation of
caspase signalling. The impact on the host is intense immunosuppression and
lymphopenia. In several studies, it has been demonstrated that MSCs are capable of
modulating apoptotic signals through the secretion of paracrine mediators such as
vascular endothelial growth factor (VEGF), HGF, insulin-like growth factor (IGF),
fibroblast growth factor (FGF), TGF, nuclear factor erythroid-related factor 2 (NRF2),
hypoxia-inducible factor (HIF) and heme oxygenase (HO-1), but also through direct
contact with the affected cell types, such as T and B cells®. MSCs can delay
lymphocytes and neutrophil apoptosis through an IL-6-mediated mechanism that
ultimately induces STAT3 nuclear translocation and decreases reactive oxygen species
(ROS)1 The anti-apoptotic role of MSCs in combination with the
immunomodulation of pro-inflammatory signals and molecules has been associated
with faster bone repair, mainly through the down-regulation of IL-6 and TNF-q, thus,
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reducing the pro-apoptotic effects taking place in bone cells®’.

Pro-angiogenic activity

MSCs promote neovascularization of injured tissues through the release of paracrine
factors such as VEGF, basic FGF2, HGF, stromal cell-derived factor-1 (SDF-1), TGF-f,
platelet-derived growth factor (PDGF), angiopoietin-1 (Ang-1) and monocyte
chemotactic protein-1 (MCP-1)"*l. These factors are capable of ameliorating tissue
vascularity and of promoting endothelial progenitor cells differentiation. This
property could be exploited to sustain tissue/organ perfusion in ischemic settings and,
through a synergistic effect between IGF-1 and VEGF, also in bone regeneration!™*!.
Hypoxia levels strictly control the secretion of angiogenic factors by MSCs. It has been
shown that MSCs are able to increase the secretion of angiogenic molecules when
oxygen supply decreases. Moreover, lipopolysaccharide and the inflammatory
mediators normally found in sepsis are able to up-regulate MSCs-dependent
neovascularization!'”.

Anti-microbial activity

The protective effect of MSCs in sepsis conditions also includes an anti-microbial
activity against harmful agents that can be attributed to the release of human
cathelicidin anti-microbial peptide (hCAP-18/LL-37)!"), a host defense peptide that
seems to be able to enhance the expression of TLR3 as well as IDO, IL-10, TGF-$, IL-6,
and IL-1f, thus providing an immunosuppressive environment that could be useful in
settings where the immune system response is abnormally intensified, as previously
mentioned!™. Interestingly, in an experiment carried out by Krasnodembskaya et al*,
MSCs and their conditioned media were able to decrease both Gram+ (Staphylococcus
aureus) and Gram- (Escherichia coli and Pseudomonas aeruginosa) growth in vitrot™.

Anti-oxidant activity

Oxidative stress, due to an imbalance between oxidants and antioxidants, is a major
problem in cell survival. The presence of insults such as UV irradiation, heavy metals,
pathogens, hypoxia or xenobiotics, leads to the generation of ROS that can induce
damage to proteins and nucleic acids and produce mutations leading to
carcinogenesis™!l. In the case of hypoxia-induced injury and ROS accumulation,
MSCs are able to up-regulate the expression of HO-1, an enzyme with antioxidative,
anti-inflammatory and antiapoptotic effects”’. HO-1 up-regulation appears to
correlate with the release of pro-angiogenic growth factors, such as VEGF-A, SDF-1
and HGF!™.,

Autophagy modulation

Autophagy can be defined as the removal of macromolecules and organelles from
their original localization to the lysosome and their subsequent recycling to maintain
cell homeostasis. This “self-eating” process is induced during fasting and stress
conditions and is essential for cell survival. Autophagy has two different types of
implications regarding MSCs. MSCs autophagy can be modulated, but also autophagy
of other cells can be modulated by MSCs. Firstly, autophagy can actually affect MSCs
functions, and in particular their differentiation potential. Undifferentiated MSCs
contain more autophagosomes than differentiated cells, due to a malfunction of the
autophagosome-lysosome fusion. During the differentiation process there is a
transient activation of autophagy that will allow the cells to obtain all the energy and
molecules necessary to support the changes associated with cell differentiation!***"..
There are also some data linking MSCs autophagy with their capacity to modulate
immune response. According to the work performed by Pantovic et al*!, in a mouse
model of autoimmune encephalomyelitis, inhibition of autophagy increases the
immunosuppressive action of mouse MSCs. On the other hand, MSCs can also
modulate autophagy of cells residing in the same tissue or of cells that have been
recruited to that tissue. However, these results are at odds with those presented by
Gao et al! that correlate MSCs immunosuppressive actions with their autophagy
levels. There are also conflicting data regarding the effect of MSCs conditioned media
on autophagy. The secretion of the neurotropic nerve growth factor (NGF) was found
to be associated with autophagy abrogation in n-hexane-induced neuropathy and
hexanedione-induced autophagy via the NGF-PI3K/Akt/mTOR signaling
pathway!**1. On the other hand, it was demonstrated to exert a paracrine effect on
hypoxia/reoxygenation-induced damage of myocardial cells by modulating the
Notch2/mTOR/autophagy pathway, thus protecting them from cell death.
Modulating autophagy ability is related to stemness, anti-oxidative stress, anti-
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apoptosis, and pro-survival capacity of MSCs, therefore representing a key
characteristic for cellular or tissue injury therapies!**.

Induction of cell proliferation

MSCs have also been shown to produce factors that can induce proliferation in
keratinocytes, endothelial cells, skin fibroblasts and lung fibroblasts"*]. Analysis of
the mitogenic factors present in the conditioned media produced by cord blood MSCs
and BM-MSCs showed the presence of PDGF-AA; however, since this proliferation
was not affected by the presence of anti-PDGF antibodies or PDGF receptor antibodies,
the induction of proliferation could not be directly attributed to the presence of this
factor. Interestingly, this mitogenic effect seems to be blocked by Wnt antagonists,
such as secreted frizzle related protein-1 (SFRP-1) indicating a relevant role of the
secreted Wnt proteins present in the conditioned media (Wntl, Wnt2 and Wnt7b) in
promoting cell proliferation™.

All the features explained in this section apply in general to MSCs but it is now
accepted that MSC phenotypic and functional heterogeneity corresponds to several
population subsets strongly performing in unique modalities under identical
conditions. It is also important to highlight that MSCs effects differ significantly based
on the anatomical source, isolation methodology, age of the donor, culture medium
choice, etcl>*°l,

EXTRACELLULAR VESICLES

In the last few years both industry and academia are focusing their interest on the
insoluble part of the secretome, the Extracellular Vesicles (EVs) due to their particular
properties that make them invaluable tools for therapeutic applicationst 1.

Characteristics and classification of EVs

Whereas cytokines and growth factors constitute the soluble part of the secretome, the
non-soluble part is constituted by a variety of nano- and micro-sized vesicles known
altogether as EVs. Although they were first described in 1946 by Chargaff and
colleagues!”), it was not until 2011 that the term extracellular vesicles was proposed to
refer to these particular membrane-enclosed structures®l. EVs are secreted by a variety
of cell types and can be found in the majority of body fluids, such as blood, semen,
saliva, plasma, urine, cerebrospinal fluid, epididymal fluid, amniotic fluid, malignant
and pleural effusions of ascites, bronchoalveolar lavage fluid, synovial fluid, and
breast milkl***. Although the general term of EVs refers to all lipidic vesicles secreted
by the cells, they can be classified according to different criteria, such as size
morphology, densities, cargo and biogenesis.

EVs were initially organized into two size categories: 1 pm diameter and 100 nm
diameter vesicles!™l. Later, with the arrival of improved visualizing techniques, it was
shown that the small vesicles can have a much broader size range and density and can
display up to 9 different morphologies such as simple or double vesicles, tubular or
oval, among othersl*l. On the other hand, three different subpopulations of EVs can be
differentiated according to their densities: Low-density (1.01-1.06 g/cm?®), medium-
density (1.08-1.14 g/cm?) and high-density (1.16-1.28 g/cm?)[.. Interestingly, these
differences in density were also accompanied by differences in their surface markers
and in the proliferative and anti-apoptotic effects on renal tubular epithelial cells“.

Another parameter that could serve to classify EVs is their cargo. Lunavat ef all*/
were able to discriminate between different subpopulations of EVs secreted by
melanoma cells according to their different profiles of micro RNAs (miRNA) and non-
coding RNAs (ncRNA). This difference in miRNA cargo profiles has also been
described in EVs secreted by BM-MSCs!*’l. Wang et all*! also observed differences in
miRNA profiles secreted by MSCs at different stages of osteogenic differentiation®,
highlighting the fact that the cargo of EVs is determined by the physiological state of
the cells.

Information on the DNA cargo is still scarce. EVs can harbour single or double
stranded DNA or even mitochondrial DN A" that can be located inside the vesicle or
associated externally to their lipidic membrane!®”’. Similar to the RNA cargo, it is
possible to discriminate different subpopulations of EVs according to their DNA
content!”""!.

Protein markers are extremely useful in discriminating specific subpopulations of
EVs. Tetraspanins, such as CD9, CD63 and CD81, together with ALIX and tumor
susceptibility gene 101 (TSG101), are mainly, but not exclusively, expressed in small

WJSC | https://www.wjgnet.com 1534 December 26,2020 | Volume12 | Issuel2 |



Jaishideng®

Gonzélez-Gonzalez A et al. MSCs secretome in regenerative medicine

EVs, recovered by centrifugation at 10000 x ¢>”’l. On the other hand, potential surface
markers for higher EVs, isolated at 2000 x g or 10000 x g, are actinin-4 and mitofilin?l.
The physiological state of the cells also influences their protein cargo, as shown in DCs
at different stages of maturation!l.

Currently, the main criterion in EVs classification is their biogenesis. According to
this, we can differentiate three main classes of EVs, designated as exosomes (Exos),
microvesicles (MVs) and apoptotic bodies (ApoBDs).

Exos, with a diameter range between 30 and 150 nm, are produced by the
endosomal pathway. In brief, after the inward budding of the plasmatic cell
membrane, the early endosome matures into multivesicular bodies (MVBs) by the
inward movement of its membrane and the presence of intraluminal vesiclest® 777,
Whether MVBs are degraded by the lysosome or fused with the plasma membrane,
seems to be determined by the cholesterol levels in these particles, since cholesterol
presence is necessary to avoid lysosomal degradation!>”]. It has been suggested that
cellular homeostasis is also key in determining the fate of MVBs and that exosomes
could be essential in protecting the cells against intracellular stress 1. Exos will be
released later when MVBs fuse with the plasma membrane. Exos production is mainly
driven by the endosomal sorting complex required for transport (ESCR) proteins and
their accessory proteins such as ALIX, TSG101, vacuolar protein sorting-associated
protein 4 and soluble NSF attachment protein receptors (SNAREs) among others!”*""*,
In addition, Exos can also be produced by an ESCRT-independent pathway. In cells
that lack ESCRT machinery, Exos production depends on ceramides and tetraspanins
(CD9, CD63, and CD81)"",

MVs and ApoBDs originate from outward budding of the extracellular membrane,
by the action of the cytoskeleton. The difference between these two particles is the
viability of the cell”””*#]. MVs are produced by healthy cells, whereas ApoBDs are
released by dying cells. MVs are middle size EVs with a diameter ranging from 50 nm
to 1 pm. The release of MVs depends on the calcium levels inside the cell, since their
production requires the action of amino phospholipid translocases, scramblases, and
calpain, all of which are calcium-dependent proteins/”. Cholesterol level and
cytoskeleton components are important in MVs release”””*l. ApoBDs are the largest
EVs, which can reach 5 pm in diameter. ApoBDs formation is mediated by factors such
as Rho-associated protein kinase and the plasma membrane channel Pannexin 1. The
first step in ApoBDs formation is the emergence of blebs in the plasmatic membrane
that later become protrusions, ending up in the release of the ApoBDs[™’l.

Role of EVs in cell-to-cell communication

Although EVs were first considered to simply perform a waste excretory rolel””,
eventually, their essential role in cell-to-cell communication was underscored. EVs
encapsulate part of the cytosol, giving rise to a population of phospholipid-walled
particles that will play an important role in cell-to-cell communication in normal and
pathological conditions.

Once released into the extracellular medium, EVs interact with both the ECM and
the cells. Interestingly, EVs can carry matrix-remodelling enzymes, such as
metalloproteinases®], as well as their regulators, or can directly induce the release of
the ECM remodelling enzymes from surrounding cells, overall contributing to
modification of the composition of the ECM!. Surface molecules such as integrins,
tetraspanins and proteoglycans drive the interaction between EVs and cells, being the
ones on the cell surface driving the interaction™l. This EVs-cell interaction is also
influenced by the size of the EVs, and the physiological state of the acceptor cell”*.

Two different types of EVs mediating cell-to-cell communication can be
distinguished. EVs can induce a response on a target cell by activating specific
receptors on the cell surface or by directly delivering their cargo into the cell. As an
example of these mechanisms, EVs secreted by activated macrophages are recognized
by TLR9 on the surface of inactive macrophages, triggering the release of chemokine
TNF-a. In addition, these EVs transfer cell division control protein 42 homolog (Cdc42)
into recipient cells triggering the release of more EVs¥l. A direct interaction between
cell surface molecules and the EVs is needed for EVs uptake. In fact, inhibitors of these
surface molecules have been shown to decrease EVs uptakel®l. EVs uptake requires
energy and is also cholesterol-dependent®*1. Endocytic uptake after EVs recognition
can be as diverse as the diversity of EVs and acceptor cells. Verdera et all®! described a
reduction in uptake of EVs by epithelial cells after inhibition of macropinocytosis in 2D
and 3D cell culturesl. Phagocytosis of EVs by monocytes is described to decrease in
preeclampsia due to higher expression of CD47, which inhibits EVs uptake!™.
However, the main pathways described for EVs uptake are caveolar®™“1 and clathrin
endocytic pathways, being the last pathways mediated by integrins®! and by the
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dynamin GTPase!™. In addition, other investigations show that EVs cargo can also be
delivered by lipid raft endocytosis®**! and by membrane fusion®*l.

The functions of EVs are very diverse. They take part in processes such as immune
response, organogenesis, tissue repair and tissue calcification**1. EVs perform
different roles in the immune system. It has been proven that EVs secreted by immune
cells are able to present antigens leading to an immune responsel™l. As previously
mentioned, they might also function as mediators of the immune response activating
macrophages after recognition by TLR9 on the cell surface”. EVs secreted by active
dendrocytes, might lead to the activation of immune humoral response and activation
of CD4* and CD8" T cells. Finally, it has been shown that EVs secreted by
immunosuppressor-DCs seem to be able to reduce systematic inflammation”". EVs are
key mediators in the critical cell-to-cell communication among different cell types,
even from different embryonic layers, during organogenesis®. Hayashi et al”’}
observed that MSCs-derived EVs carry miRNA-135b-3p to epithelial cells, which is
essential for their proliferation™. On the other hand, epithelial cells secrete EVs
capable of inducing mineralization and dentin production driven by MSCs during
teeth development.

EVs can also have a marked influence in disease development, including cancer.
EVs secreted by cancerous cells can actually help prepare a pre-metastatic niche and
seem to be able to induce epidermal-mesenchymal transitions, favouring tumour

spreading!®l.
In 2010, Lai et al”! identified MSCs-derived Exos as one of the main active factors in
MSCs-secretome™”! having important messenger functions. The effect of MSCs-

derived Exos was first studied in inflammatory diseases such as rheumatoid
arthritis”. It was observed that Exos secreted by MSCs, and not MSCs themselves,
were effective for immunomodulation, with an immunosuppressive effect decreasing
T and B-cells proliferation. The therapeutic effect of EVs secreted by MSCs has also
been described in dental pulp stem cells (DPSCs)l"! where Exos derived from DPSCs
undergoing osteogenic differentiation are able to interact with fibronectin and collagen
type I fibres of the ECM and promote teeth regeneration”’l. Importantly, there seems to
be marked differences, probably due to changes on EVs cargo, in the effect over
acceptor cells between Exos secreted by naive and differentiated cells*!. According to
Narayanan et alt”'"l, Exos from MSCs growing in osteogenic differentiation media
were the most effective in inducing osteogenic differentiation to other MSCs!*'"l,

ApoBDs also have a role in cell-to-cell communication. These vesicles are known to
carry a large cargo of molecules, mainly RNAI'"'", but also DNA and proteins!®”.
Due to the size of this cargo, the impact of ApoBDs on their target cells should be
important, however, there is currently little information on their function.

Although the biological effects of EVs have been intensively studied in the last few
years, the role of these vesicles in vivo is still poorly understood and the major effects
of the EVs may still be unknown.

BM-MSC-DERIVED EVs ON BONE REGENERATION

Although bone tissue engineering has rapidly evolved in the last few years, the
application of bone regeneration techniques in some scenarios still encounters several
drawbacks. The effectiveness of BM-MSCs-derived extracellular vesicles (MSC-EVs) in
bone tissue regeneration has been tested in the last few years!™"'". To better
understand how MSC-EVs improve bone healing, first, it is necessary to outline the
different stages of this process and then, how MSC-EVs could positively influence it.
The most important proteins and miRNAs in MSC-EVs cargo involved in this process
and their mechanism of action are highlighted in the next section.

Role of MSC-EVs on bone healing enhancement

Bone healing occurs through a classical cascade characterized by an initial
inflammatory stage followed by the repair/remodelling process. Rather than occur
successively, these two phases partially overlap in timel'*l. On the other hand, fracture
healing can be divided into two major categories: Primary (direct or cortical) bone
healing and secondary (indirect or spontaneous) bone healing. Since the latter is the
most common this will be discussed here.

The three stages in fracture healing are haematoma, callus formation and bone
remodelling!"”. Once fracture occurs, disruption of the vascular supply results in
haematoma formation and initiation of the acute inflammatory response. This phase is
essential, since immune cells attracted to the injury site are actually responsible for the
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initiation of the repair cascade by stimulating angiogenesis, attracting and promoting
MSCs differentiation and enhancing ECM deposition!"”l. At this stage, the immune
response must be properly modulated. A prolonged activation or attenuation of
inflammation may cause excessive bone tissue damage or necrotic bone accumulation
respectively, and thus, delay fracture healing or even non-union. In 2016, Chen ef al"*!
showed that culturing T cells in the presence of Exos derived from MSCs isolated from
healthy individuals, significantly suppresses the secretion of pro-inflammatory factors
TNF-a and IL-1f, and increases the secretion of anti-inflammatory factors TGF-f
during in vitro culture, suggesting that MSCs-derived Exos are in charge of
maintaining the immune balance crucial for bone healing. During the second stage of
bone healing, known as callus formation, cells from the innate immune system, such as
macrophages, start to secrete chemotactic mediators that recruit fibroblasts, MSCs,
endothelial cells/endothelial progenitors and osteoprogenitor cells from local niches (
e.g. cambium layer). When the wound site becomes progressively vascularized, these
cells are responsible for the formation of the callus: First, the expansion and
chondrogenic differentiation of progenitor cells takes place, which leaves a
cartilaginous callus. This will then be completely replaced by bone tissue through
intramembranous and endochondral osteogenesis processes!"”'*”). When optimal blood
supply or mechanical stability is not achieved, atrophic fibrous non-union,
hypertrophic fibrous non-union or pseudoarthrosis can develop!''‘.

Bone remodelling is the final phase of fracture healing. After a bony callus is
formed, a remodelling process needs to take place to ultimately achieve healing. As the
callus is composed of woven or fibrous bone, mechanically-weak bone, it has to be
replaced by mechanically-strong lamellar bone. To achieve this, osteoblasts and
osteoclasts coordinate bone formation and bone resorption. If the two processes
involved in bone remodelling are not balanced, all biomechanical properties of normal
bone will not be fully restored!"'"”'""l. MSCs-EVs also have a positive role in
promoting proliferation!""! and differentiation!"'” of osteoblastic cells, thus, also
contributing in this sense to bone regeneration.

Altogether, different studies have clearly shown that MSCs-EVs can improve every
step of the bone healing process. Many efforts are now directed at identifying the
molecules responsible to the aforementioned effects. Some of the information
regarding the EVs cargo and its relation to bone regeneration activity is discussed in
the following sections.

Cargo proteins involved in bone homeostasis

Many pieces of evidence support the role of EV proteins in bone regeneration. In 2016,
the work of Furuta ef al'*! reported the presence of MCP-1, MCP-3 and SDF-1 in MSC-
EVs. These factors have very important functions that would aid fracture healing.
MCP-1 induces angiogenesis while MCP-3 promotes cell proliferation. In addition,
both MCP-1 and MCP-3 can recruit MSCs to the injury sitel'”l. SDF-1 seems to increase
MSCs chemotaxis and thus, the recruitment of these cells to participate in bone
regeneration!'!l. Using a cytokine antibody array, Nakamura et al""! confirmed the
presence of IL-6, FGF-2, and PDGF-BB in MSC-Exos!""l. All these molecules are
involved in endothelial cell proliferation, angiogenesis and osteogenesis!'*!">!%!17],
Besides, PDGF is a key regulator of fracture healing, initiating callus formation,
potentiating cartilage and intramembranous bone formation and stimulating
angiogenic pathways with pro-angiogenic direct and indirect (through VEGF up-
regulation) pro-angiogenic effects!'"*'"l. Albeit at low concentrations, all these factors
were detected in MSC-derived Exos, suggesting that the positive effect of these
particles on bone regeneration also relies on their protein cargot'*'*.

Although VEGEF is present in the soluble part of the secretome, in 2019 Takeuchi
et all”! highlighted the presence of VEGF in MSC-EVs at similar levels to those found
in the rest of the BM-MSCs secretome. VEGF acts as an effective growth factor for bone
regeneration by enhancing the migration of endogenous vascular endothelial and stem
cells™®l. VEGF also improves the cellular activity of osteoblasts, overall promoting
bone regeneration. These functions reflect the close relationship between osteogenesis
and vascularization and the important role of cell-to-cell communication between
vascular endothelial cells and osteoblasts.

Proteomic analyses have provided further information on the protein contents of
EVs in the last few years. In 2019, Munshi et al"""! carried out a quantitative proteomic
analysis comparing the protein profile of MSC-EVs and their parental cells. This study
established a list of 270 proteins enriched in the EVs by at least two-fold. In this list we
can identify important proteins for bone healing such as angiopoietin-related protein 2
(ANGPTL2), fibronectin 1, IGF-I and TGFp-1. ANGPTL2 potentiates sprouting in
endothelial cells!'*. Fibronectin collaborates in cell movement and migration and plays
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an important role in providing provisional fibres in cartilaginous matrices. IGF-I
induces collagen synthesis, reduces collagen degradation, promotes clonal expansion
of chondrocytes and proliferation of pre-osteoblastic cells and regulates migration of
osteoblasts and MSCs. It has been demonstrated that IGF-I sustained systemic or local
infusion promotes bone formation!”'*l. On the other hand, TGF{-1 acts as a potent
chemoattractant for macrophages and enhances migration, proliferation and
differentiation of osteoprogenitor cells and cellular matrix production"**%*2:1211,

Some membrane-bound proteins in MSC-EVs may also contribute to bone healing.
Here, we highlight neuropilin 1 (NRP1), a glycoprotein which complexes with both
VEGEF receptors 1 and 2 (VEGFR-1 and VEGFR-2) and increases the binding of VEGF-
A. Although the main function of NRP1 is related to neural development, vascular
development involvement has been proved as well, since its interaction with several
members of the VEGF family induce cell migration resulting in pro-angiogenic
activity. NRP1 also regulates platelet-derived growth factor receptors (PDGFR) and
NRP-1/PDGEFR cross-talk is crucial for vascular remodelling!"”.. A summary of the
main proteins in the EVs cargo with a role in bone homeostasis is shown in Table 1.

Cargo miRNAs involved in bone homeostasis

The presence of several miRNAs with bone pro-regenerative properties in MSC-EVs
has been described!"*''>!">!27%’l_ The mechanisms of action of those miRNAs will also
be discussed; in order to explain why this content, at least in part, is able to develop
the well-orchestrated response needed to improve bone healing!'*l.

MiR-10a, one of the miRNAs commonly found in the EVs cargo, is able to improve
the capacity of hBM-MSCs to produce osteogenic, adipogenic and chondrogenic
lineages, while simultaneously reducing cell senescencel'*l. MiR-10b, on the other
hand, has been shown to increase in vitro migration of BM-MSCs!'”l. MiR-34a, miR-92a,
miR-199b, and miR-217 enhance osteoblast differentiation of BM-MSCs. In addition,
miR-217 and miR-34a also promote BM-MSCs proliferation!"*'*1. MiR-218, also found
in EVs cargo, is a potent activator of the ostegenic lineage leading to osteoblastic
differentiation of BM-MSCs and osteogenic differentiation of osteoblasts!'*l. In 2018,
Shi et all”! proved the important role of this miRNA when they showed that local
administration of BM-MSCs infected with a virus expressing miR-218 clearly
improved the quality and reduced the time of newly formed bone in a mouse femoral
fracture model. MiR-375, miR-216a and miR-196a stimulate ostegenic differentiation of
human adipose (hAD)-MSCs in vitro and two of them (miR-375 and miR-216a) can also
promote bone formation in vivo. Moreover, miR-216a rescued bone formation and the
osteoblastogenesis inhibitory effects of dexamethasone demonstrating its ability to
prevent or treat osteoporosis and bone metabolism-related diseases!*'*’l. Let-7c and
miR-22 are able to unbalance hAD-MSC differentiation inhibiting adipogenic fate and
promoting osteoblast formation in vitrol'*l. Let-7c was also able to induce ectopic bone
formation in vivol™l.

Angiogenesis is a essential step in almost every repair process, including bone
formation. Some of the miRNAs found in MSC-EVs are involved in that specific
function. To list a few, miR-494 induces endothelial cell migration!"”], miR-129 and
miR-136 promote endothelial cell proliferation™], and let-7f and miR27b assist in
sprout formation in vitrol*l. Furthermore, mir-1246 enhances endothelial migration
and tube formation in vitrol'”. Mir-135b also promotes tube formation in vitro in
addition to being able to induce neovascularization in vivo”". Two miRNAs, miR-23a
and miR-424, carry out a broad set of pro-angiogenic functions, causing migration,
proliferation and tube formation of endothelial cells in vitro and neovascularization in
vivo*”'*1. miR-130a, is a potent inducer of angiogenesis due to the inhibitory role on
two anti-angiogenic factors: Growth arrest-specific homeobox (GAX) and homeobox
A5 (HOXAD). Dose-dependent improvement in all endothelial tube formation
endpoints, such as total tube length and mesh index are promoted by this
miRNAI'>'*1, Besides, miR-214 also plays a role in preventing cell senescence, and
promoting migration and tube formation in endothelial cells in vitro and blood vessel
formation in vivo"”. On the other hand, miR-214 also enhances, both in vivo and in
vitro, osteoclast differentiation of bone marrow monocytes mediated by receptor
activator of nuclear factor kappa ligand (RANKL)!", which is essential for bone
remodelling, the final step in bone repair.

MiR-214 is not alone in its ability to support the final stages of bone repair. miR-
148a also stimulates osteoclastogenesis in early osteoclast progenitors in vitrol'*.
Conversely, miR-196a, miRNA-27a, and miRNA-206 enhance osteogenic activity of
osteoblasts!"**! and miR-29b, miR-181a and miR-302a induce osteoblast
differentiation in vitrot"*>'¥1.

MiR-21 deserves a special mention in this section. This microRNA appeared at the
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Table 1 The main proteins and miRNAs having an effect on bone homeostasis are shown in the table as well as their putative function

in this process and the corresponding references where this activity is described

MSC-EVs CARGO
Proteins Bone healing functions Ref.
MCP-1 Induces angiogenesis and MSC recruitment to injury site (e
MCP-3 Promotes cell proliferation and MSC recruitment to injury site [ty
SDF-1 a Recruits osteoprogenitor cells to wound area e
IL-6 Induces endothelial/endothelial progenitor cell proliferation angiogenesis and osteogenesis e
FGF-2 Fosters proliferation, differentiation and migration of vascular cells, chondrocytes and [103110,111)
osteoblasts
PDGF-B Promotes mesenchymal proliferation, potentiates cartilage and intramembranous bone [
formation and stimulates angiogenic pathways
VEGF Promotes revascularization, regulation of vascular endothelial cell migration, proliferation, 1
and capillary production, and improves the cellular activity of osteoblasts
ANGPTL2 Potentiates sprouting in endothelial cells [
Fibronectin Collaborates in cell movement and migration and provides provisional fibers in cartilaginous [
matrices
IGF-1 Induces collagen synthesis, reduces collagen degradation, promotes clonal expansion of (e
chondrocytes and proliferation of preosteoblastic cells, and regulates migration of osteoblasts
and MSCs
TGF-p1 Chemoattraction of macrophages, enhances migration, proliferation and differentiation of [EeEhEtEL
osteoprogenitor cells and cellular matrix production
NRP1 Induces endothelial cell migration and regulates other proangiogenic actions through the e
VEGEF family and PDGFR
microRNAs Bone healing function Ref.
miR-10a Improves mesenchymal stem cell differentiation capacity of hBM-MSCs and reduces cell [ty
senescence
miR-10b Increases in vitro migration of BM-MSCs [
miR-218, miR-92a and miR-199b Enhance osteoblast differentiation of BM-MSCs [Fve]
miR-217 and miR-34 Promote proliferation and osteoblast differentiation of BM-MSCs [T
miR-375, miR-216a, let-7c and miR-  Stimulate osteogenic differentiation of hAD-MSCs [124,125,127]
22
miR-196a Increases osteogenic differentiation of hAD-MSCs and osteogenic activity of osteoblasts [z
miR-494 Induces endothelial cell migration [
miR-129 and miR-136 Promote endothelial cell proliferation (Ee]
miR-130a, miR-135b, let-7f and Promote vascular tube formation [117450,152]
miR27b
miR-1246 Enhances endothelial migration and tube formation e
miR-23a and miR-424 Cause migration, proliferation and tube formation of endothelial cells ey
miR-214 Fosters prevention of cell senescence, migration and tube formation in endothelial cells, and [5e357)
RANKL-induced osteoclast differentiation in BMMs
miR-148a Stimulates osteoclastogenesis in early osteoclast progenitors s
miR-27a, miR-206, miR-29b, miR- Induce osteogenic activity of osteoblasts (AR
181a and miR-302a
[142-146]

miR-21

Assists osteogenic differentiation, migration and senescence prevention in BM-MSCs;
migration and proliferation of fibroblasts; migration, proliferation and ability to form
endothelial tubes in endothelial cells; and RANKL-induced osteoclastogenesis in BMMs

MSC: Mesenchymal stem cell; EVs: Extracellular vesicles; MCP: Monocyte chemotactic protein; SDF-1 a: Stromal cell-derived factor-1 a; IL-6: Interleukin-6;
FGF-2: Fibroblast growth factor-2; VEGF: Vascular endothelial growth factor; ANGPTL: Angiopoietin-related protein; IGF: Insulin-like growth factor; TGF-
B1: Transforming growth factor-p1; NRP1: Neuropilin 1; hAD: Human adipose; BM: Bone marrow; BMM: Bone marrow monocytes; RANKL: Receptor
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highest concentrations in MSC-EVs in the assays carried out by Furuta et al'* and
Nakamura et al""”], and several bone healing-related funcions have been attributed to
mir-21 including anti-apoptotic activity and prevention of H,0,-induced cell death in
vitro. It has also been demonstrated that miR-21 is able to induce migration and
proliferation of fibroblasts and induce migration, proliferation and the ability to form
endothelial tubes in human microvascular endothelial cells!"*\. These functions are
accomplished throught two different pathways, which are stimulated by the active
inhibition of phosphate and tensin homolog (PTEN) and sprouty homolog 1 (SPRYL).
These exact same mechanisms are also responsible for osteogenic differentiation of
BM-MSCsl"**""1. Specifically, Yang et all”"! proved in 2019 that miR-21 not only
stimulates osteogenic differentiation and migration of BM-MSCs in vitro, but also
activates the expression of angiogenic related genes (HIF-1a and VEGF). In fact,
improved new bone formation in critical size defects was detected in rat and canine
animal models treated with miR-21-modified BM-MSCs seeded in P-tricalcium
phosphate (B-TCP) scaffolds. Furthermore, the presence of miR-21 has been
established as a prerequisite for RANKL-induced osteoclastogenesis in bone marrow-
derived monocytes/ macrophages precursors, a crucial activity in bone repair!*?l. A
summary of the main miRNAs in the EVs cargo with a role in bone homeostasis is
shown in Table 1.

Developing MSC secretome-based therapies to improve bone regeneration

Being aware of the beneficial properties of the content of the MSC-EVs, for the process
of bone regeneration, several researchers have worked to establish different methods
that would highlight MSC-EVs as a valid and successful bone therapy.

In 2020, Jia et al'* reported that MSC-EVs from young rats could induce in vitro
proliferation and osteogenic differentiation of old rat BM-MSCs in a dose-dependent
manner. This study also showed that, in vivo, MSC-EVs not only accelerated bone
regeneration at five weeks after distraction, but also improved the mechanical
properties of the newly formed bone compared to the control group.

An important study carried out by Takeuchi et al'™, in 2019, demonstrated that
treatment with MSC-EVs could up-regulate the expression of angiogenesis (VEGF,
ANGI1, and ANG2) and osteogenesis-related genes [collagen I (COLI), alkaline
phosphatase (ALPL), osteocalcin (OCN) and osteopontin (OPN)] in human BM-MSCs
in vitro, as well as induce bone and blood vessel formation in critical-sized defects in
Wistar rat parietal bones, as shown by haematoxylin and eosin staining and CD31
immunostaining, respectively. Takeuchi confirmed that, in terms of angiogenesis and
osteogenesis, MSC-EVs and whole MSC secretome showed similar levels of
restoration, both with approximately half of the defect covered with newly formed
bone after four weeks of treatment. In the same line, Furuta et al'"! showed that, in a
femur fracture model of CD9-mice, lacking MSC-EVs production, there was a
significantly lower bone union due to retardation of callus formation. However, this
retardation was rescued by local injection of MSC-EVs. This fact clearly indicates that
MSC-EVs lead to cell proliferation and prevention of cell apoptosis!'”l. Interestingly,
this study also revealed that MSC-EVs-depleted secretome was not able to promote
fracture healing, while the use of MSC-EVs reduced the healing time compared to a
wild-type control and demonstrated an improvement in the process. Together, these
studies suggest that the powerful bone regenerative characteristics associated with the
whole BM-MSC secretome in the past>'"], could really be referred to these vesicles,
and then, shed light on their crucial role.

In a recent study, Zhang et al"™ demonstrated in vitro that MSC-EVs were able to
internalize and promote proliferation and migration of endothelial cells (HUVEC) and
osteoblast precursor cells (MC3TE-E1Cs). Moreover, MSC-EVs enhanced the
angiogenic tube formation ability of HUVECs and osteogenic ability of MC3TE-E1Cs.
In vivo analyses in a rat model of femoral fracture showed that weekly transplantation
of MSC-EVs into the injury produced a significant enhancement of angiogenesis,
osteogenesis and bone healing compared to the control group. A third group, the
MSC-EVs-depleted secretome, produced significantly lower effects than the MSC-EVs
group.

It is worth noting an interesting study using Exos derived from human-induced
pluripotent stem cell-derived mesenchymal stem cells (hiPS-MSC-Exos), that
incorporates the advantages of both MSCs and iPSCs!'’l. This analysis demonstrated in
vitro that hiPSC-MSC-Exos could be released from P-TCP scaffolds and were
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internalized by hBM-MSCs, then stimulating proliferation, migration and osteogenic
differentiation of these cells. These activities clearly support recruitment of hBM-MSCs
to the injury site, thus, promoting new bone formation. In a very similar study, Qi
et all> applied hiPSC-MSC-Exos together with B-TCP scaffolds to critical-size calvaria
defects in osteoporotic model rats. The results revealed a significant dose-dependent
increase in bone mineral density, bone volume, mineralization level, newly formed
bone area, new blood vessel area and vessel number, and levels of osteogenic (OCN
and OPN) and vascular markers (CD31).

Martins et all'”? demonstrated that cultivating hBM-MSCs in osteogenic medium as
well as transfecting runt-related transcription factor 2 (RUNX2) gene into these cells,
made them produce MSC-EVs, which potentiated the osteogenic commitment of naive
hBM-MSCs in vitro. In a similar approach, Narayanan et al”! confirmed the results
obtained by Martins in terms of induction with osteogenic medium in vitro, and
proved the beneficial effects of this method in 3D cultures in vitro and in vivo, the latter
even with capillaries and blood vessels development within the scaffolds, indicating
neovascularization.

In 2019, Liang et al'>*! preconditioned hBM-MSCs with a low dose of dimethyloxal-
oylglycine (DMOG), a small molecule that stabilizes HIF-1a, thus mimicking a hypoxia
microenvironment in cells. These MSC-EVs enhanced migration and tube formation of
HUVECs in vitro, and bone healing and blood vessel formation in critical-sized
calvarial defects in rat models. In a similar study, Li et al"> showed that the intrinsic
regenerative characteristics of MSC-EVs could be improved by adding an
overexpressing HIF-1a mutation to the parental cells. This mutation considerably
boosted matrix mineralization, ALP activity and osteogenesis-related genes expression
in BM-MSCs and migration, proliferation and tube formation of HUVECs in vitro in a
dose-dependent manner; in addition to quickening trabecula bone regeneration in
necrotic femoral heads in rabbits, then promoting both bone regeneration and
neovascularization in vivo.

DISCUSSION

This year marks the twenty-fifth anniversary of the publication of the first MSCs test in
humans!"*’l. Since then, activity in the field has been very intense, as indicated by the
high number of registered clinical trials. Despite this, only two drugs, TEMCELLS, for
the treatment of acute graft-versus-host disease, and Alofisel® (Darvadstrocel), for the
treatment of fistulae in Crohn’s disease, have been approved by regulatory agencies.
For various reasons, MSCs approval as a drug is proving elusive!""'*l and, from the
outside, it might seem that the field is in a period of stagnation.

Nevertheless, in the last years there have been substantial changes in our
understanding of the mechanisms by which MSCs assist tissue recovery. According to
the new paradigm, after preventing an exaggerated immune response, MSCs release a
plethora of molecules which inhibit apoptosis and scar formation, and stimulate
angiogenesis and mitosis of resident stem cells!'*’l. This paradigm change has led many
groups to shift the focus of their research to MSC secretions, and more specifically, to
EVs.

The healing mechanism induced by MSCs and EVs is essentially the same, but some
differences need to be taken into consideration when designing therapies. From a
practical point of view, EVs are easier to handle and transport. In the treatment of
acute syndromes, where pre-banked cells are the only viable cellular alternative, EVs
have an additional advantage, since thawed MSCs require an adaptive period to
recover their full therapeutic potential*l. Response to intravenous administration is
another of the differences between EVs and MSCs. While a high percentage of MSCs
are retained in the lungs!), the small size of the EVs allows them to overcome these
barriers, and they are detectable in blood only a few minutes after administration.
However, the clearance of EVs by macrophages of the endothelial reticulum system is
very rapid, and EVs accumulate in macrophage-rich tissues such as liver, spleen and
lungs!'*>'*l. Coating of EVs with polyethylene glycol (PEG) polymers might impede
their clearance by macrophages. PEG polymers could also serve to bind tissue-specific
ligands to the particles, allowing EVs direct to the target tissuel'*'*"l.

A post-secretion alteration of the surface is not the only way of manipulating EVs.
The pioneering work by Gnecchi ef al"*! already suggested the possibility of changing
EVs cargo, when they showed that conditioned medium from MSCs overexpressing
Akt, limited infarct size and improved ventricular function in an in vivo model.
Changes in culture conditions alter the angiogenic properties of the secretome!'”".
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Conditioned medium from MSCs cultured in the presence of pro-inflammatory
cytokines shows more osteogenic ability!”l. Enrichment in a particular miRNA is also
possible by directly transfecting EVs with a miRNA mimic!"”?. There seems to be no
limit to the possibility of tailoring EVs to adapt them to the particular needs of
different pathologies.

One of the main concerns of therapies involving living cells is the possibility of
infused cells becoming malignant. Malignancy of MSCs is a highly unlikely event, but
the role of MSCs in cancer progression and metastasis is a disputed issue. Whereas
some studies show proliferative effects in the progression of some cancers, others
show inhibitory effects!'”l. As far as EVs are concerned, results are also inconclusive.
For instance, EVs from human Wharton's jelly MSCs have been shown to retard the
growth of bladder cancer cells!*, and to promote renal cancer cell growth!”.. On the
other hand, Peak et all'*! suggested the use of EVs as an anti-cancer therapy as they
found that EVs from placental MSCs inhibit the growth of aggressive prostate cancer
cells in culture!”l. However, the possibility of promoting cancer growth and metastasis
remains a significant concern for EV-based therapies, especially for long-term
procedures that would require repeated infusions of EVs.

Another possible advantage of EVs relates to immune tolerance. MSCs express
molecules able to inhibit both innate and adaptive immune response. The initial
interpretation of the absence of immune rejection of MSCs was that MSCs might have
a singular immune privilege. However, recent data indicate that allogeneic MSCs can
elicit an immune response which can result in rejection!””. Like all somatic cells, MSCs
constitutively express MHC class I and, upon induction, also MHC class II molecules.
After accumulation within the lungs, MSCs can initially evade the immune system by
a macrophage-driven, apoptosis-dependent process known as efferocytosis!'”.
However, there is no guarantee that repeated cell infusions do not result in
rejection”’l.

EVs from MSCs are very heterogeneous in size and composition. A mass
spectrometry proteome analysis of conditioned media from MSCs isolated from three
tissue sources identified a total of 1533 proteins, and only 999 of them were common
among samples!l. Differences in EVs' working protocols often complicate the
comparison of results. The Extracellular RNA Communication Consortium
(ERCC1)"1 and the International Society for Extracellular Vesicles (ISEV)!'"*I have
released guidelines to assist researchers in standardizing the isolation and
characterization of EVs. However, the heterogeneity in size, composition, and, most
importantly, biological activity can also be due to donor-to-donor variability. MSCs
have limited expansion capability, and mass production of EVs is only possible by the
constant renovation of cell sources. Even MSCs derived from human induced
pluripotent stem cells need to be repeatedly renewed. This continuous change in cell
sources compromises the reproducibility of Exo production. Several immortal cell
lines, constructed by overexpressing hTERT, maintain most characteristics of primary
cells, including immunosuppression®l. Also, EVs from a MYC-immortalized cell line
retain their therapeutic capabilities, despite their adipogenic potential being lost!"*?..

The use of EVs has several advantages over MSCs in terms of handling, safety and
the possibility of standardization. Pre-clinical studies show that EVs have a
therapeutic effect in fracture healing!*! and that they are also applicable in chronic
pathologies such as osteoporosis*l. Nevertheless, more studies are needed to
determine if EVs can replace all the effects of MSCs. If so, EVs could be a viable
alternative to MSCs in bone regenerative medicine.

CONCLUSION

MSCs produce a high number of bioactive molecules and extracellular vesicles, known
as secretome, which exerts important paracrine effects on neighbouring cells and
tissues. The use of MSCs secretome in tissue regeneration therapies would circumvent
the problems linked to MSCs-based therapies, such as low cell survival and
engraftment, which importantly limit their therapeutic efficacy, or the negative side
effects associated with the administration of these cells.
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