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ABSTRACT

Background: Mesenchymal stem cell (MSC)-based therapies have yielded beneficial effects in a broad
range of preclinical models and clinical trials for human diseases. In the context of MSC transplantation,
it is widely recognized that the main mechanism for the regenerative potential of MSCs is not their dif-
ferentiation, with in vivo data revealing transient and low engraftment rates. Instead, MSCs therapeutic
effects are mainly attributed to its secretome, i.e., paracrine factors secreted by these cells, further offer-
ing a more attractive and innovative approach due to the effectiveness and safety of a cell-free product.
Aim of review: In this review, we will discuss the potential benefits of MSC-derived secretome in regen-
erative medicine with particular focus on respiratory, hepatic, and neurological diseases. Both free and
vesicular factors of MSC secretome will be detailed. We will also address novel potential strategies cap-
able of improving their healing potential, namely by delivering important regenerative molecules accord-
ing to specific diseases and tissue needs, as well as non-clinical and clinical studies that allow us to
dissect their mechanisms of action.

Abbreviations: 6-OHDA, 6-hydroxydopamine; APC, antigen presenting cell; AT-MSCs, adipose tissue-derived mesenchymal stem cells; BALF, bronchoalveolar lavage fluid;
BBB, blood-brain barrier; BM, bone marrow; BMMNCs, bone marrow mononuclear cells; CM, conditioned media; CM2D, two-dimensional conditioned media; CM3D, three-
dimensional conditioned media; CNS, central nervous system; COVID-19, coronavirus disease 2019; CTLs, T cytotoxic lymphocytes; DCs, dendritic cells; EAE, experimental
autoimmune encephalomyelitis; ECM, extracellular matrix; EVs, extracellular vesicles; GMPs, good manufacturing practices; HSCs, hepatic stellate cells; hUC, human
umbilical cord; iNOS, inducible nitric oxide synthase; MMPs, matrix metalloproteinases; MS, multiple sclerosis; MSCs, mesenchymal stem cells; NAFLD, non-alcoholic fatty
liver disease; NK, natural killer; NPCs, neural progenitor stem cells; NSCs, neural stem cells; SCI, spinal cord injury; Th1, T helper 1 cells; Th17, T helper cells 17; TLR-4, toll-
like receptor 4; Tregs, T regulatory cells; UC-MSCs, umbilical cord-derived mesenchymal stem cells.
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Key scientific concepts of review: MSC-derived secretome includes both soluble and non-soluble factors,
organized in extracellular vesicles (EVs). Importantly, besides depending on the cell origin, the character-
istics and therapeutic potential of MSC secretome is deeply influenced by external stimuli, highlighting
the possibility of optimizing their characteristics through preconditioning approaches. Nevertheless,
the clarity around their mechanisms of action remains ambiguous, whereas the need for standardized
procedures for the successful translation of those products to the clinics urges.
© 2024 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction marily through paracrine signaling and that these cells could adapt

It has been half a century since Alexander Friedenstein first
reported mesenchymal stem/stromal cells (MSCs) as clonogenic
progenitor cells able to give rise to fibroblasts and other mesoder-
mal cells [1], being later identified with great potential for regen-
erative medicine application. At first, it was postulated that,
upon administration, MSCs would migrate into injured sites,
engraft, and further differentiate into end-stage functional cells,
thus repairing the damaged tissue [2,3]. However, decades have
passed, and many reports based on animal studies or even in
human clinical trials have questioned this theory. MSCs have
shown their therapeutic effects in numerous disease models as
well as in some clinical trials [4]. It turned out to be more evident
that the rate and duration of MSC engraftment were too limited to
justify the remarkable results observed in tissue repair. Therefore,
a new perspective began to take shape with MSCs derived from
bone marrow (BM)-MSCs being able to ensure the growth and via-
bility of hematopoietic stem cells in co-culture conditions without
growth factor supplementation [5,6]. These initial observations
extended the MSC functionality beyond their capacities for
engraftment and differentiation. MSCs were shown to empower
the resident cells through the secretion of trophic factors, inducing
those cells to regenerate the damaged tissue [7-10]. In fact, it has
been proposed that upon tissue damage, endogenous MSCs
migrate from their perivascular location and create a regenerative
microenvironment through the secretion of bioactive factors and
the modulation of the immune cell response [11,12]. Nowadays,
it is well recognized that MSC exert their therapeutic effects pri-
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their paracrine action according to local microenvironmental cues
[13]. This characteristic of MSCs has been the one currently grant-
ing the most clinical interest which culminates in the use or/and
modulation of the MSC-derived secretome (or conditioned media
— CM), with multiple studies being performed for different types
of disorders and medical conditions. Of note, some studies involve
the use of the cells secretome or the administration of the cells
itself, for the evaluation of their paracrine effect [14]. Nevertheless,
clinical trials involving the whole MSC-derived secretome have
already been started for osteoarthritis [15], ischemic stroke and
other cerebrovascular conditions [16-18], neurological patholo-
gies, such as Alzheimefs disease [19], respiratory diseases [20-
22], including severe cases of coronavirus disease 19 (COVID-19)
[23-31], among others. This review highlights how MSC-derived
secretome can be optimized/potentiated and thus explored for
applying in respiratory, liver, and neurological disorders.

Secretome of MSCs

MSCs are stromal nonhematopoietic cells with spindle shape
[32], highly replicative in vitro, that derive from the mesoderm
germ layer from different tissues [33-35]. The minimal guidelines
to define human MSC identity have been described by the Interna-
tional Society for Cellular Therapy (ISCT) and define that the iso-
lated cells are generally positive for CD105, CD73, and CD90, and
negative for CD45, CD34, CD14, or CD11b, CD79q, or CD19 and
MHC class II [36]. Based on their origin, MSCs can be classified into
i) neonatal tissues, such as placenta, fetal blood, umbilical cord tis-
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Table 1
MSC-released factors with immunomodulation properties.
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Abbreviations: BLM: bleomycin; BM: bone marrow; CLP: cecal ligation and puncture; EAE: experimental autoimmune encephalomyelitis; EVs: extracellular vesicles; GvHD: graft vs. host
disease; HGF: hepatocyte growth factor; hMSCs: human mesenchymal stem cells; hPDLSCs: human periodontal ligament stem cells; IDO: indoleamine-pyrrole 2,3-dioxygenase; IFN-y:
interferon-gamma; IL-1RA: interleukin 1 receptor antagonist; IL: interleukin; MI: myocardial infarction; miRNA: micro-RNA; MS: multiple sclerosis; MSCs: mesenchymal stem cells; PGE5:
prostaglandin E,. TLR4: toll-like receptor 4; TNF-o: tumor necrosis factor; TSG-6: anti-inflammatory; TNF-a-stimulated gene 6 protein.

Paracrine  Disorder = Summarized of beneficial outcome Type of MSCs  Animal model Ref.
factor
HGF MS - Enhances neuroregeneration and synaptogenesis; BM-MSCs EAE animal [236,260]
- Cooperates on axonal growth; model
- Reduces pro-inflammatory cytokines released by mononuclear cells (IFN-vy, IL-17, TNF-o,
IL-2, IL-12p70) and increases the anti-inflammatory mediators IL-4 and IL-10.
IL-10 MS - IL-10 release is characteristically decreased prior to relapse phases and increased during hPDLSCs- EAE animal [69],261]
remission phases of MS; derived EVs model
- IL-10-deficient animals usually develop a more severe disease.
IL-1RA Acute - MSC-CM blocked an IL-1a-dependent T cell line. This effect was abrogated using an IL- Murine-MSCs  BLM-induced = [175]
lung 1RA antibody. and hBM- lung injury
injury - MSC administration significantly decrease IL-1oo mRNA in lung 7 and 14 days after expo- MSCs
sure to BLM.
PGE, Sepsis - Endotoxins present in sepsis stimulates TLR4 present in MSCs, enhancing their produc- BM-MSCs CLP animal [70,73,262]
tion of PGE;; model
- The release of PGE, exerts anti-inflammatory effects, inducing the switch of macro-
phages into M2 state.
TSG-6 MI - TSG-6 inhibits neutrophils infiltration into sites of inflammation; BM-MSCs MI animal [62]
- The role of TSG-6 on cardiac function is not so well-established but there are studies that model
point in this direction.
IDO GvHD - IDO suppresses T cell responses; BM-MSCs Kidney [62,263,264]
- IDO is associated with the regulation of autoimmune conditions, inducing donor allograft

tolerance.

animal model

sue (Wharton'’s jelly) and cord blood; or ii) adult tissues, including
bone marrow, thymus, brain, liver, lung, kidney, aorta, muscle,
spleen and adipose tissue (AT) [37,38]. Although MSCs of all differ-
ent sources must fulfil the defined criteria defined by the ISCT, they
diverge in proliferation and growth rates, differentiation and
immunomodulatory potentials and regenerative properties [38].
Moreover, MSC-derived secretome itself may present different
contents depending on the tissue of origin, cell culture conditions
or cellular microenvironment [39-41], turning hard the identifica-
tion of a precise mechanism of action. Nevertheless, the anti-
inflammatory and immunomodulatory capacities of MSCs (Table 1)
were postulated as essential to retrieve local and systemic condi-
tions for normal tissue repair alongside MSC-mediated pro-
angiogenic, anti-apoptotic and antimicrobial effects (Table 2)
[8,9,12,39,42,43].

The cell secretome, consists of soluble (growth factors, cytokines,
chemokines, and hormones) factors and of non-soluble factors con-
tained in extracellular vesicles (EVs). Nowadays, according to Mini-
mal Information for Extracellular Vesicles 2018 (MISEV 2018), EVs
(sEVs) are classified in small EVs or medium/large EVs (m/IEVs) if
they have <100 nm or <200 nm (small) or >200 nm, respectively
[36]. The exosomes, in particular, are EVs within the sEVs, as the
apoptotic bodies, therefore, exosomes classification further includes
demonstration of function (e.g. internalization, effect, origin from
the endosomal system). In what concerns to the MSC-EVs mediated
effects, it is related to their cargoes, including proteins, functional
mRNA, miRNAs and lipids [44-46]. Specifically, the miRNAs present
in SEVs can regulate between 30 % and 70 % of the gene expression
[46]. Moreover, many miRNAs have been related with regenerative
functions in different organs. For example, miR-199ais being related
with cardiomyocyte proliferation, miR-23-a-p and miR-130-a-3p
with angiogenesis and vascular development [46], mi-R-126-3p,
miR-223-3p and miR-142-3p with immunomodulatory effects
[47], miR-133b [48], miR-26a [49] and miR-124 [50] with protective
properties in the neurological and cerebrovascular field. Neverthe-
less, despite some evidence that MSC-EVs have an important role
in mediating the regenerative and immunomodulatory properties
of MSCs [51,52], a completely consensus is not established [53,54],
with some data showing that the total MSC-secretome and MSC-
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EV-free fraction had better immunomodulatory effects when com-
pared with MSC-EVs [55-57].

For all of this, the interest of MSC-derived secretome is notably
increasing, specially the secretome-derived EVs for its easily mode
of preservation and transference [58] as well as their biocompati-
bility. The clinical administration of EVs is also more convenient,
reproducible and predictable than MSCs [56], although the exact
mechanism of the uptake of these vesicles through the biological
membranes occurs remains a matter of debate [59].

Immunomodulatory properties of MSC secretome

Innate immunity response by MSC secretome

Many soluble factors and EVs released by MSCs are known to
modulate immune responses via cell-to-cell contact and by an
ample number of cytokines and regulatory factors that influence
the recruitment, proliferation, activation, function, and survival of
several immune cells (Table 1) [60,61].

MSCs have shown dual activity regarding neutrophil recruit-
ment vs. inhibition. Some evidence has suggested that by releasing
IL-6 [42], TSG-6 [62] and superoxide dismutase (SOD3) [63], BM-
MSCs can reduce apoptosis of neutrophils that are resting or acti-
vated [42] (Table 1). Moreover, MSCs also secrete CXCL8 (also
known as IL-8) and macrophage migration inhibitory factor
(MIF), known for recruiting neutrophils into the injured site
[42,64]. The release of these molecules is considered a relevant
mechanism to preserve the pool of neutrophils and contribute to
the resolution of the infection. In contrast, other authors state that
MSCs inhibit neutrophils activity [65] (Fig. 1). For example, TSG-6,
an anti-inflammatory protein considered a key factor in
immunomodulatory activity of MSCs [66], was shown to inhibit
neutrophils migration to the injured site possibly by binding to
IL-8 and, as such, to inhibit the neutrophils recruitment by this
chemokine [67]. Further, in a model of endotoxin-induced lung
injury, the MSC-derived-EVs inhibited the migration of neutrophils
into the lung [42,68] while IL-10 released by MSCs appeared to
limit the pro-inflammatory state of polymorphonuclear neu-
trophils [69].
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Table 2

Journal of Advanced Research 70 (2025) 103-124

Application of MSC secretome in bone tissue, cardiovascular, intestinal, and renal diseases.

Abbreviations: Arg-1: arginase-1; AKT: protein kinase B (PKB)/serine/threonine kinase; Bcl-2: B-cell lymphoma 2; bFGF: basic fibroblast growth factor; FGF: fibroblast growth factor; GFR:
glomerular filtration rate; IGF-1:insuline-like growth factor 1; IL-3/-6/-10: interleukin 3/6/10; HGF: hepatocyte growth factor; MCP-1/-3: monocyte chemotactic protein-1; MSCs:
mesenchymal stem cells; VEGF: vascular endothelial growth factor; MAPK/ERK1/2: mitogen-activated protein kinase/ extracellular signal-regulated protein kinase ¥; TB4: thymosin beta-

4; TGF-a: transforming growth factor alpha.

Application

Main effects

References

Cardiovascular diseases

Bone tissue diseases

Renal diseases

Intestinal diseases

Cytoprotection and regenerative effects on ischemic cardiomyocytes through the
secretion of VEGF, HGF, FGF, IGF-1, and TB4.

Anti-fibrotic effects through the inhibition of type I and type III collagen expression in
cardiac fibroblasts.

Acceleration of re-endothelialization through VEGF activation via AKT and MAPK/
ERK1/2 pathways.

Alleviation of vascular calcification by reducing intracellular calcium content and
alkaline phosphatase activity.

Bone regeneration in calvarial bone defects, possibly through the secretion of VEGF
and IGF-1.

Angiogenesis, bone regeneration and potential to mobilize endogenous MSCs in a rat
calvarial defect model via VEGF.

Accelerated callus formation in the setting of distraction osteogenesis through the
recruitment of endogenous MSCs, induction of osteoblast differentiation, angiogene-
sis, and cell proliferation and inhibition of inflammation and apoptosis via MCP-1/-
3 and IL-3/-6.

Improved renal function, higher proliferative and lower apoptotic indexes with
increases in the expression of bFGF, IL-10, TGF-o and Bcl-2.

Decreased renal deterioration in a chronic kidney disease model, with higher GFR and
effective renal plasma flow and lower systolic blood pressure, proteinuria and tubular
and glomerular damage.

Polarization of macrophages into M2 anti-inflammatory phenotype with upregulation
of Arg-1 expression, via MSC secretion of IL-6.

Decreased pro-inflammatory response by downregulation of genes coding for pro-
inflammatory markers IL-1, IL-6, TNF-o, and TLR4 and by upregulation of the anti-
inflammatory IL-10.

Improved migratory effect on lymphatic endothelial cells along with the alteration of
secretome protein levels upon VEGF stimulation of MSCs (reduced levels of the pro-
inflammatory cytokines IL-6 and IFN-y and higher concentrations of TGF-B1, FGF-2

[160-164]

[165-167]

[168-170]

[158,159]

and VEGF-C).

Interestingly, macrophages can be reprogrammed to increase
IL-10 to attenuate sepsis. This was observed in mouse sepsis mod-
els, through PGE, secretion of TNF-o-primed BM-MSCs [70].
Indeed, MSCs were shown to polarize macrophages from an
inflammatory M1 phenotype to an anti-inflammatory M2 pheno-
type [4]. The MSC-induced M2 phenotype polarization results in
an increased levels of arginase-1 (Arg-1) and of the anti-
inflammatory cytokines IL-10 and TGF-B1. Moreover, it has been
associated to a reduced production of pro-inflammatory cytokines,
such as IL-1B, IL-12, IL-23 and TNF-o and of the co-stimulatory
molecules CD86 and MHCII [71,72] (Table 1). Importantly, if, on
one hand, factors segregated by MSCs such as IL-1RA [73,74] inhi-
bit the product of TNF-a segregated by IL-1a-activated macro-
phages [73], on the other hand, inflammatory factors segregated
by macrophages, such as TNF-a [4,63] and LPS [63] activate MSCs
to segregate anti-inflammatory mediators, including TSG-6 [4,63],
IL-10 [4,63] and PGE, [4,63] (Fig. 1). Notably, Hyvarinen and co-
workers have shown that BM-MSCs co-culture with regulatory
macrophages and MSC-EVs decrease the levels of IL-22 and IL-23
in the macrophages-produced CM [75]. The authors also demon-
strated that MSC-EVs mediate their action, at least in part, via
PGE, (Table 1) [75].

On the other hand, it has been also demonstrated that MSCs can
disrupt major functions of dendritic cells (DCs), namely their
migratory ability in response to CCL19 and antigen presentation
to T cells. DCs are maintained in an immature or semimature state
due to the release of PGE,, HLA-G and IL-10 (Fig. 1). In fact, the
secretion of IL-10 is thought to affect the JAK1/STAT3 signaling
pathway, as well as through the release of TNF-o, suppressing
the MAPK and NF-xB signaling activation [63,76], signaling path-
ways which are involved in the production of pro-inflammatory
modulators [77,78].
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Curiously, IL-1RA, a natural-occurring antagonist of IL-1o. and
IL-18 signaling pathway present in MSC-secretome, has also
demonstrated to suppress IL-1B:IL-1R/ NF-kB signaling pathway,
reducing the production of IL-1B, IL-6, IL-12 and IL-23 in M1
macrophages and DCs and attenuating the expansion of T helper
1 cells (Th1) and T helper cells 17 (Th17) [74,79] (Fig. 1, Table 1).
It was also suggested that some miRNAs present in MSC-derived
EVs are capable of suppressing DC activity, such as mi-R-126-3p,
miR-223-3p and miR-142-3p [47]. MSCs can also induce mature
DCs to differentiate into regulatory DCs. However, the mechanism
and the main released factors responsible for this immunomodula-
tion effect need further investigation [80]. These suppressive
effects of MSCs on DCs are of great relevance for many immune sit-
uations, including GvHD [81] and allograft rejection [82].

Finally, although substantial data suggests that both cell types
interact and affect each other, the crosstalk between natural killer
(NK) and MSCs is still an area in its infancy. There are still conflict-
ing studies reporting the MSCs inhibitory/stimulating effect in NK.
Besides the fact that modulation effect was higher in direct cell-to-
cell contact, soluble factors serve as an additive factor that turns
MSCs more powerful in altering the cell function of NK [63,83].
PGE, [84], TGF-B [83] and the immunosuppressive enzyme IDO
[85] secretion by MSCs impaired the proliferation and cytotoxicity
of NK cells, while activin A showed to be able to suppress [FN-y-
production by NK cells [84]. In addition, the ratio between NK
and MSCs was found to be important for the MSC-
immunosuppressive-mediated effects [86].

Adaptive immunity response by MSC secretome

MSCs are also known to suppress the proliferation and activa-
tion of T cells, namely of CD4" T cells (Th) and CD8" T cells (T cyto-
toxic lymphocytes, CTLs) [87,88]. Indeed, umbilical cord-derived
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Fig. 1. MSCs exert several immunomodulatory effects by regulating both innate and adaptive immune cell populations.

Abreviations: Arg-1: arginase-1; CILs; cytotoxic T lymphocytes; CDKN1B: cyclin dependent kinase inhibitor 1B; CDK2: cyclin-dependent kinase 2; COX-2: cyclooxygenase 2; HLA-G:
major histocompatibiliy complex, class I, G; HGF: hepatocyte growth factor; IDO: indoleamine 2,3-dioxygenase; IFN-y: interferon-gamma; IL: interleukin; IL-1RA: interleukin 1
receptor antagonist; LPS: lipopolysaccharide; miR: miRNA; GM-CSF: granulocyte-macrophage colony-stimulating growth factor; NK: natural killer; NO: nitric oxide; PGE2:
prostaglandin E2; SOD3: extracellular superoxide dismutase; TGF-p: transforming growth factor beta; Th1: T helper cells 1; Th2: T helper cells 2; Th17: T helper cells 17; TNF-o: tumor

necrosis factor alpha; TSG-6: anti-inflammatory TNF-a-stimulated gene 6 protein.

mesenchymal stem cells (UC-MSCs) induced relevant T cell apop-
tosis and cell arrest through abundant expression of IDO [89];
whereas IDO has been also shown to enhance the expansion of
CD4* CD25" T regulatory cells (Tregs) [8] (Fig. 1 and Table 1). Apart
from the apoptotic and anti-proliferation effects, MSCs seem to
inhibit the generation and function of Th1 and Th17 cells whilst
promoting T helper cells 2 (Th2) cells and Tregs, resulting in a
decrease of pro-inflammatory cytokines and an increase of IL-4
and IL-10 [88].

Moreover, B cell proliferation has been shown to be inhibited by
MSCs through an arrest in the Go/G; phase of the cell cycle. It was
reported that the secretion of IL-1RA or TGF-$ by human cord
blood-derived mesenchymal stem cells (hCB-MSCs) impaired the
maturation of B cells [90,91] (Fig. 1). Similarly, Magatti et al.
reported that culture medium generated from amniotic membrane
of human placenta (hAMSC) blocked B-cell differentiation, with an
increase of the proportion of mature B cells, and a reduction of
antibody-secreting cell formation [92]. Additionally, MSC-
released NO, inhibited B cells, decreased antibody production by
CD5* B cells and prevented leukocyte recruitment by adhesion,
extravasation, and chemotaxis mechanisms [85,93].

All in all, and although the mechanisms behind this type of
interaction are not fully elucidated, there is great evidence of the
beneficial action of MSC-CM on the different cells of innate and
adptive immunity.

Angiogenic properties of MSC secretome

Angiogenesis is a process controlled by a balance between stim-
ulatory and inhibitory signals with a role in the angiogenic process.
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VEGF, FGF-2, PDGF, SDF1, CXCL-1, RANTES, MCP-1 and M-CSF are
factors present in the MSC secretome known for inducing angio-
genesis by binding to their corresponding receptors on endothelial
cells and activating the signaling pathways p38/MAPK, PI3K/AKT,
MEK/ERK [94-96]. The angiogenic potential of MSC secretome
has been shown in the scope of different diseases, such as neuro-
logical diseases of traumatic brain injury and Alzheimer’s disease
[97,98], cardiac diseases and bone tissue regeneration, among
others. In fact, osteogenesis is closely related with vascularization
due to cell-to-cell communication between vascular endothelial
cells and osteoblasts [99]. For example, the growth factor VEGF
acts on vascular endothelial cells, enhancing not only angiogenesis,
but also bone development [99]. The chemoattractant potential of
MSC secretome for endothelial cells was also demonstrated, as well
as the capacity to these cells to induce the formation of capillary-
like structures in the presence of MSC secretome [96]. In cardiac
diseases, MSC-EVs also enhanced blood flow recovery and reduced
infarct size in animal models [97,100].

Anti-tumoral properties of MSC secretome

MSCs have also been regarded as possible cancer therapeutic
agents since they exhibit an intrinsic ability to migrate towards
tumors. In the pro-inflammatory tumor microenvironment (TME)
occurs the expression of a plethora of chemokines and cytokines,
namely VEGF, FGF, PDGF, CCL5 and IL-8, that induce the migration
of MSCs towards the tumor in an orchestrated manner by creating
a chemokine concentration gradient [101]. Yet, the interactions
between MSCs and tumor cells remains poorly understood with
controversial results reporting a pro-tumorigenic role. The
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Fig. 2. Benefits of hypoxia-preconditioned MSCs compared to normoxia MSCs. Hypoxia-preconditioned MSC-derived secretome has shown to induce keratinocytes and
fibroblast proliferation as well as angiogenesis by releasing high levels of angiogenic factors, therefore enhancing the process of wound healing. MSC-derived secretome
obtained in hypoxia conditions can reduce the concentration of ROS due to low levels of O,, thus reducing the cellular oxidative stress. Regarding neuroprotection, MSCs
obtained under these conditions have shown to release high levels of proteins with a neuroprotective role and, in the context of acute lung injury, have revealed to reduce

neutrophil activation by reducing the levels of IL-8.

Abbreviations: ALI: acute lung injury; EF-2: eukaryotic elongation factor 2; IL-8: interleukin 8; MSCs: mesenchymal stem cells; Prx1: peroxiredoxin 1; ROS: reactive oxygen species;

UCHL1: ubiquitin C-terminal hydrolase L1.

methodology concerning MSC application in cancer studies, along
with the source of MSCs and/or the type of cancer cells, may have
impact on the outcome. The use of MSCs themselves may also have
a contribution given the reports of their predisposition to differen-
tiate into cancer-associated fibroblasts, which are correlated with
tumor growth, invasion and metastasis [102,103]. Conversely, an
overall anti-tumoral effect of MSCs is observed when using their
derived secretome on tumor cells, highlighting the need to under-
stand the mechanisms behind this differential effect. Indeed, many
authors have been reported the effect of the secretome of MSCs in
tumor cell proliferation and invasion in vitro and in vivo [104-107].
MSC-derived secretome promote cell cycle arrest and induction of
apoptosis through the upregulation of pro-apoptotic Bax gene and
negative regulator of cell cycle such as p21, and downregulation of
anti-apoptotic Bcl2, Survinin and Xiap genes [108-112]. Moreover,
the disruption of the cancer-associated signaling pathways, such as
PIBK/AKT [107,113], via upregulation of PTEN, and of WNT/B-
catenin signaling pathway by MSCs-secreted antagonist of the
Wnt signaling DKK-1 [114] contributes to the inhibition of tumor
cell migration, invasion, and survival [114-118]. Other factors have
been also associated with cancer suppression mediated by MSCs,
namely TNFSF14, FLT-3, IP-10 and LAP [119]. Still, MSC secretome
has been also shown to decrease doxorubicin-induced cytotoxicity
in non-tumor cells, without compromising doxorubicin
chemotherapeutic profile in malignant cells, which suggests its
potential use as a chemotherapy adjuvant to reduce off-target side
effects [43].
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Current trends to ameliorate MSC secretome

Multiple studies exploring strategies of modulating environ-
mental factors with the potential to enhance the beneficial effects
of secretome-contained biomolecules have been performed,
namely via preconditioning [18,54,120]. It involves the in vitro
modulation of the secretome produced by MSC by exposing these
cells to specific factors that usually mimic the tissue damage
microenvironment [73], namely to hypoxia, inflammatory or
disease-specific cytokines and/or pharmacological compounds, or
even by using 3-dimensional (3D) cell culture systems
[54,120,121].

Hypoxia-preconditioned MSCs

Although MSCs are usually cultured under normoxia conditions,
with an oxygen pressure of 21 %, the oxygen tension within tissues
is typically hypoxic, ranging between 1-7 % and 10-15 % in the BM
and AT, respectively [37]. Several studies have already demon-
strated that hypoxia-preconditioned MSCs can frequently potenti-
ate the therapeutic potential [122] of different types of MSCs,
including BM-, UC- and AT-MSCs.

In the context of cutaneous wound healing, it has been
demonstrated that the secretome obtained from hypoxia
preconditioned-BM-MSCs upregulated the levels of FGF-2, IGF-1,
TGF-B, IL-1B, IL-6 [123] and IL-8 [122] and enhanced multiple
key processes to promote wound healing, including keratinocyte,
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fibroblast and endothelial cells proliferation and migration, as well
as angiogenesis (Fig. 2) [38,120,123]. On the other hand, hypoxia-
preconditioned-UC-MSCs have enhanced angiogenesis-related
genes, including Cox-2, Vegf and Tie-2, reduced the proinflamma-
tory genes II-1 and II-20 and increased the anti-inflammatory gene
Tgf-p compared to normoxic conditions, in both in vitro and in vivo
mouse models of ischemic hindlimb [124].

Moreover, hypoxia preconditioning in BM-MSCs was demon-
strated to facilitate liver regeneration after 85 % hepatectomy in
rat models, with a significant increased cyclin D1, VEGF, PCNA-
positive hepatocytes, liver weight/body weight ratio, serum albu-
min levels and cell survival [125]. In addition, in thioacetamide
(TAA)-treated AML12 mouse hepatocytes, Hong et al. reported that
hypoxia-preconditioned secretome derived from AT-MSCs pro-
moted the downregulation of intracellular levels of oxygen reactive
species (ROS), often dysregulated in hepatic disorders, and upreg-
ulated SOD, glutathione peroxidase, and catalase [126,127].

In neurological diseases context, proteomic analysis revealed
that hypoxia enhances the expression of proteins [128-130] associ-
ated to neuroprotection, neural survival, differentiation, and axonal
and neurite growth, when compared to the secretome obtained
from normoxia-cultured MSCs [128]. These proteins include
thymosin-B, EF-2, UCHL1, clusterin, Prx1 and 14-3-3 (Fig. 2) [128].
Yet, higher concentrations of oxygen were associated with higher
quantities of ROS and, thus, to a higher cell toxicity [128-130].

Furthermore, the pre-treatment of BM-MSCs with a hypoxia
inductor such as deferoxamine showed to enhance osteogenic dif-
ferentiation of these cells and extracellular matrix mineralization
through the decrease of histone methylation and increase of his-
tone acetylation [131], showing that a priming strategy that indi-
rectly leads to hypoxia can act by epigenetic modifications.

Inflammatory-preconditioned MSCs

Inflammatory stimuli are often present in pathological microen-
vironments [132]. Thereby, specific inflammatory cytokines stim-
uli might be a preconditioning strategy where MSCs tend to
produce immunoregulatory factors as a survival mechanism to
help the microenvironment to fight against the excessive inflam-
mation, thus improving the therapeutic properties of MSC-
derived secretome [133].

The immunoregulatory role of MSCs was shown to be stimu-
lated in the presence of one or more cytokines, such as IFN-vy, IL-
1o, IL-1B or TNF-o, all released by macrophages [133-135]. This
type of priming commonly induce MSCs into a negative feedback
mechanism that results on release of anti-inflammatory mediators,
such as TSG-6 [73], or to express larger levels of immunomodula-
tory mediators, including IDO and nitric oxide synthase (iNOS)
[135], as well as some specific ligands for chemokine receptors
having a role in the chemotaxis of T lymphocytes, such as CXCR3
and CCR5. Consequently, the recruitment of T cells to the vicinity
of MSCs and secreted immunosuppressive molecules was shown
to downregulate the T cells inflammatory state [133,135].

Indeed, IFN-y-primed MSCs have demonstrated to block T cell
proliferation in a dose-dependent manner and to abrogate the pro-
duction of IFN-vy, IL-2 and TNF-a, three cytokines with a role in T
cell-derived immune response [136]. IFN-y and TNF-a has revealed
to potentiate both the antioxidant and anti-inflammatory activity of
AT-MSCs, by reverting the hippocampal neuroinflammation and
oxidative stress induced by alcohol [3]. In addition, LPS or TNF-a
preconditioning activated toll-like receptor 4 (TLR-4) and TNF recep-
tor 1 (TNFR-1), leading to the upregulation of NF-xB signaling path-
way and, subsequently, to an increase expression of COX-2 which, in
turn, triggers PGE, secretion [73]. TNF-o, in particular, was associ-
ated to the production of VEGF and to potentiate angiogenesis in a
time-dependent manner, or to enhance the re-epithelization and
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wound resolution [96,137-140]. Overall, IFN-y or TNF-o precondi-
tioning MSC-secretome showed enhanced immunosuppressive
[141,142] and pro-angiogenic effects [96,137-140,143].

On the other hand, preconditioning of AT-MSCs with LPS pro-
moted liver regeneration in partially hepatectomized mice by
enhancing HGF, IL-6, TNF-o. and VEGF expression levels, while
reducing the serum levels of ALT, AST, IL-6 and TNF-o [144]. This
result indicates that LPS-preconditioning-MSC-derived secretome
has better liver regeneration and anti-inflammatory properties
compared to non-primed MSC-secretome [144].

Priming MSCs with IL-1a and IL-1B led to a pro-neurotrophic
and anti-inflammatory secretome [145], with increased levels of
G-CSF, a neurotrophic factor, given its ability to enhance synapto-
genesis, angiogenesis, neuroprotection and neurogenesis [145].
BM-MSCs treated in vitro with IL-1f have also demonstrated a high
capacity to recruit both monocytes and granulocytes but also to
increase the levels of several factors, such as TNF-a, IL-8 and
CSF2, with a role in monocytic differentiation [146].

3D culture preconditioned MSCs

Another strategy for preconditioning MSCs appears to be by cul-
turing MSCs in 3D culture systems, a system that further mimics
the complexity of physiological conditions, namely by allowing
better cell-to-cell and cell-to-extracellular matrix (ECM) interac-
tions (Fig. 3) [8,38,39]. Overall, spheroid cultures of MSCs were
shown to promote greater immunomodulatory, pro-angiogenic,
anti-fibrotic and anti-apoptotic properties, when compared to tra-
ditional 2D cultures [120], also associated with higher levels of
CXCL12, FGF-2, G-CSF, HGF, IGF-1, IL-6, TGF-B1, and VEGEF, along
with increased secretion of several anti-inflammatory mediators,
among others (Fig. 3) [18,147-150].

In the context of inflammatory arthritis, our group has demon-
strated that the secretome obtained from 3D cultures, i.e. three-
dimensional conditioned media (CM3D), was able to counteract
the manifestations typifying rheumatoid arthritis, possible due to
the enrichment of some trophic factors with anti-inflammatory
properties, such as FGF-2, IL-10 and PDGF-BB [8]. Likewise, Bhang
and colleagues showed that CM3D, this time derived from AT-
MSCs, contained ~30-fold higher concentrations of the pro-
angiogenic factors CXCL12, FGF-2, HGF and VEGF, resulted in
higher angiogenic effects and a marked increase of endothelial cell
growth in an in vivo animal model of hindlimb ischemia [147]. Fur-
thermore, CM3D has enhanced the blood perfusion on the ischemic
limb and the recruitment/homing of bone marrow mononuclear
cells (BMMNCs) from the BM to the ischemic region [147].

In the scope of ischemic stroke, AT-MSC-derived CM3D-treated
animals revealed a better performance of the Rotarod test, a motor
function assay, as well as a significant reduction of the infarction
volume. In fact, the same study revealed higher levels of the pro-
angiogenic factor TGF-B1 and, on the other hand, a decrease in
the apoptosis of all neural cell types, most markedly in microglia,
suggesting a decreased microgliosis in the treated animals com-
pared with the non-treated animals [150].

Regarding wound healing, we have also previously shown that
the secretome derived from UC-MSC spheroids has higher levels
of FGF-2, G-CSF, HGF, IL-6 and TGF-B1, when compared to two-
dimensional conditioned media (CM2D). These results indicated
that fibroblast-mediated ECM, angiogenesis and vasculogenesis,
processes implicated in the wound healing process, are indeed
improved by 3D culture-preconditioning strategies [8]. Accord-
ingly, the presence of the antifibrotic factors, including IGF-1, IL-
6 and HGF in CM3D protected hepatocytes in vitro from cell injury
and apoptosis and ameliorated hepatic fibrosis and in vivo liver
function (Fig. 3) [149].
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Fig. 3. The main factors involved in the greater effects of MSC-CM3D in different pathologies (This figure was partly generated using Servier Medical Art, provided by Servier,

licensed under a Creative Commons Attribution 3.0 unported license).

Abbreviations: BMMNCs: bone marrow mononuclear cells; CXCL12: C-X-C motif chemokine ligand 12; ECM: extracellular matrix; FGF-2: fibroblast growth factor 2; G-CSF: granulocyte
colony-stimulating factor; HGF: hepatocyte growth factor; IGF-1: insulin-like growth factor; IL-6: interleukin 6; IL-10: interleukin 10; MSCs: mesenchymal stem cells; MSC-CM2D:
MSC-derived two-dimensional conditioned media; MSC-CM3D: MSC-derived three-dimensional conditioned media; PDGF-BB: platelet-derived growth factor BB; SM: smooth muscle;

TGF-p1: transforming growth factor 1; VEGF: vascular endothelial growth factor.

Genetic-engineered MSCs

Since MSCs can be easily transfected, the genetic manipulation
of MSCs in vivo can be an additional approach to improve the ther-
apeutic potential of their secretome. As an example, MSCs overex-
pressing the survival protein AKT release higher levels of the
paracrine factors FGF-2, HGF, IGF-1 and VEGF [151]. Indeed, VEGF
promotes angiogenesis and restoring tissues, further highlighting
its pivotal role in several tissue injuries, namely in myocardial
infarction, wound healing, ischemic stroke, among others [151].

In the neurological field, neurotrophin-3-transfected BM-MSCs-
CM has shown to reduce the apoptosis of motor neurons in an ani-
mal model of spinal cord injury (SCI) [152,153].

The engineered BM-MSC to overexpress HGF have also demon-
strated promising results in liver [154] and kidney [155] regenera-
tion in rat models of disease. Regarding liver diseases, MSC
overexpression with c-met and CXCR4 improved homing to the liv-
ers of acute liver failure rodent models [156,157], resulting in
enhanced liver function and increased survival rates.

MSC secretome in regenerative medicine

The application of MSC-derived secretome has been studied
towards different pathologies by counteracting inflammation
while inducing tissue regeneration namely in lung, hepatic and
brain tissues. Nevertheless, this cell-free approach has also been
reported with beneficial effects for other pathologies, including
bone tissue, cardiovascular, intestinal and renal diseases [158-
170] (Table 2).
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MSC secretome in respiratory diseases

There are several studies revealing the beneficial effects of MSCs
in lung fibrosis and acute lung injury [74,171-178] (Fig. 4). Lung
fibrosis is characterized by the replacement of airy alveoli by stro-
mal cells, including myofibroblasts. Myofibroblasts produce ECM
proteins, including misfolded collagen, leading to lung fibrosis
and respiratory sequelae [176]. Pulmonary fibrosis can derive from
multiple lung diseases, including lung infection, autoimmune dis-
eases, chronic inflammation, and idiopathic causes [176,177].
Moreover, acute respiratory distress syndrome (ARDS), and its
milder form acute lung injury, encompass a group of lung diseases
with an exacerbated pro-inflammatory response that impairs the
integrity of the alveolocapillary barrier with a consequent
increased lung protein permeability and pulmonary edema and
fibrinogenesis. The impaired alveolar fluid clearance hampers gas
exchange and triggers hypoxemia and hypercapnia [172,173].
Patients with ARDS frequently have multi-organ failure and the
most often etiology is sepsis syndrome. Although ARDS can have
different origins, sepsis from both pulmonary and non-
pulmonary origins is the most frequent cause [173]. Due to the lack
of an effective treatment against ARDS, the use of MSCs offers a
promising therapeutic approach against ARDS and acute lung
injury [172]. Importantly, the burden of pulmonary fibrosis due
to SARS-CoV-2 infection is also expected to increase [177].

Particularly, the increase of IL-1B concentrations in lung air-
ways has been associated with neutrophil accumulation in lungs
[74]. Hence, using IL-1RA can be a good strategy of attenuating
acute lung injury. In fact, IL-1RA-producing MSCs has completely
reverted lung inflammation in mice by suppressing production of
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Fig. 4. The role of main players of MSC-derived secretome on the several features that can be present on respiratory diseases. (This figure was partly generated using Servier
Medical Art, provided by Servier, licensed under a Creative Commons Attribution 3.0 unported license).

Abbreviations; Ang-1: angiopoietin 1; KGF: keratinocyte growth factor; IL-10: interleukin 10; IL-1RA: interleukin 1 receptor antagonist; MIP-2: macrophage inflamamtory protein 2;
MSCs: mesenchymal stem cells; TNF-o: tumor necrosis factor alpha; TLR4; toll-like receptor 4.

IL-10,, IL-1B and TNF-a by alveolar macrophages [74,175]. Further-
more, IL-1RA was shown to upregulate VEGF and, thus, indirectly
enhance neovascularization and the regeneration of injured alveo-
lar type II epithelial cells [174], pivotal for alveolar epithelium
regeneration after lung injuries [179]. IL-1RA was also shown to
induce TLR-4 expression, crucial for bacterial clearance [74].

Some authors have suggested that the beneficial effects of MSCs
administration derive from the reduction of TNF-oo and MIP-2 in
both the bronchoalveolar lavage fluid (BALF) and plasma and,
simultaneously, from the increase of IL-10 [171]. It has been also
found that MSCs segregates KGF and angiopoietin-1 (Ang-1), two
soluble factors that revealed to protect alveolar epithelium and
endothelium besides promoting fluid clearance [172].

Importantly, as detailed in Table 3, MSC-derived-EVs have also
been implicated in the treatment of these pathologies. A reduction
in parameters of lung inflammation, as assessed by the decrease of
i) bacterial growth [180], ii) lung proteins to BALF [68,180], iii)
excessive response of neutrophils [68] and iv) pro-inflammatory
mediators, such as HIMF/FIZZ-1, IL-6, MCP-1, MIP-2 and TNF-a
[181].

Recent studies also found that AT-MSC-EVs attenuated lung
fibrosis in an animal model (bleomycin-induced damage), demon-
strating a decrease in fibrotic damage, while the soluble part of the
secretome did not have the same effect [176].

111

MSC secretome in liver diseases

Liver diseases are among the leading causes of death world-
wide. A punctual liver injury, either of metabolic (e.g., type II dia-
betes, non-alcoholic fatty liver disease (NAFLD) or non-alcoholic
steatohepatatis (NASH)), viral (e.g., hepatitis B), chemical or
tumoral origin activates the liver’s unique intrinsic regenerative
hepatic response, intending to re establish homeostasis [182].
However, repeated injuries may lead to fibrosis, with inflammatory
activation and progressive levels of hepatic parenchymal dysfunc-
tions. Increasing degrees of insufficiency result in liver failure and
the only effective treatment for end-stage disease is liver trans-
plantation. Currently, liver transplantation is the second most
common solid organ transplantation, yet the current rate of trans-
plantation only meets 10 % of the global need [183]. Therefore,
many groups have focused their research in using MSCs as a ther-
apeutic approach, particularly to induce liver’s regeneration after
injury [184].

Inflammation is one of the first signs appearing in the injured
liver, such as NAFLD, contributing to fibrosis and failure of the hep-
atic function. Thus, MSC immunomodulatory activity may play a
role in liver pathologies. In particular, BM-MSC-CM induced a
decrease in IL-1B, IL-6, MCP-1, MIP-2 and TNF-o and resulted in
the reduction of neutrophil infiltration and Kupffer cell activation
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Preclinical studies demonstrating the beneficial effects of MSC-derived EVs on respiratory diseases.

Abbreviations: BALF: bronchoalveolar lavage fluid; BM-MSCs: bone marrow-mesenchymal stem cells; CFUs: colony-forming units; FAPa: fibroblast activation protein alpha; hESC-IRMCs:
human embryonic stem-cells derived MSCs-like immune and matrix regulatory cells; HIMF/FIZZ1: hypoxia-induced mitogenic factor/found in inflammatory zone 1; Ho-1: heme oxygenase
1; IFN-y: interferon-gamma; IL-6: interleukin-6; KGF: keratinocyte growth factor; MCP-1: monocyte chemoattractant protein-1; MIP-2: macrophage inflammatory protein 2; Nox4:NADPH
oxidase 4; Nrf2: nuclear factor erythroid 2-related factor 2; PBS: phosphate buffered saline; TLR3: toll-like receptor; TNF-o: tumor necrosis factor alpha; UC-MSCs: umbilical cord-

mesenchymal stem cells.

Source of EVs Disease Animal model Sample EVs effects Treatment outcomes Ref
UC-MSCs Hypoxia- In vivo mouse model of BALF | MCP-1, HIMF/FIZZ1, Inhibition of parenchyma injury, [181]
induced hypoxia-induced IL-6 vascular remodeling and right
pulmonary pulmonary hypertension ventricle hypertrophy
hypertension
hBM-MSCs Acute lung E. coli endotoxin-induced BALF | MIP-2 Reduction of extravascular lung [68]
injury acute lung injury model water, protein levels in BALF and
pulmonary oedema
Reduction of neutrophils influx
hBM-MSCs primed with a Acute lung E. coli endotoxin-induced BALF | number of bacterial Reduction of lung inflammation, [180]
TLR3 agonist vs. hBM- injury acute lung injury model CFUs (vs. hBM-MSCs protein permeability
MSCs non-primed or vs. non-primed)
PBS 1 KGF (vs. hBM-MSCs
non-primed)
Blood 1 bacteria phagocytosis Reduction of bacterial growth
by monocytes (vs. PBS)
IFN-y-primed hUC-MSCs vs. Acute lung E. coli endotoxin-induced n.a | alveolar protein Attenuated increase in alveolar [265]
non-primed hUC-MSCs injury acute lung injury model concentration permeability
BALF | [TNF-o] Reduction of pro-inflammatory
cytokine response
AT-MSCs Pulmonary Bleomycin-induced lung  n.a. Average dynamic of | lung fibrotic damage [176]
fibrosis damage animal model —40 %
n.a. | collagen deposition
Lung tissue | of a-SMA*
myofibroblasts and
FAPa* myofibroblasts
precursors
hESC-MSC-IRMCs Pulmonary Bleomycin-induced lung  Lung tissue | Nox4 and 1 Nrf2 and | lung fibrosis and oxidative [178]
fibrosis damage animal model Ho-1 expression stress and inflammation
Lung tissue | a-SMA”* cells
Lung | [IL-1B], [IL-6] and Reduction of pro-inflammatory
homogenates [TNF-o] cytokine response

(Fig. 5) [185]. Other MSC-secreted cytokines, such as TGF-B, HGF,
IL-10 and IDO, were also shown to be capable of modulating the
immune system, by acting on T cell and antigen presenting cell
(APC) proliferation which consequently decreases the exacerbated
inflammatory response in liver diseases [186-194]. In addition, the
anti inflammatory molecule annexin-A1 (ANXA1) present in amni-
otic fluid-derived MSC-secretome ameliorated liver damage in a
CCl, induced liver injury mouse model by inducing hepatic progen-
itor proliferation, migration and differentiation while reducing
inflammation [195]. Likewise, UC-MSC-CM ameliorated liver dys-
function and reduced lipid accumulation, pro-inflammatory cyto-
kine levels and the presence of apoptotic markers in a mice
model of NAFLD [196,197].

Another consequence of the inflammatory activation during
hepatic injury is the hepatic fibrosis. In normal hepatic tissue, hep-
atic stellate cells (HSCs) are usually at a quiescent state at the space
of Disse and store vitamin A. However, upon injury signals, besides
hepatocyte damage, there is an infiltration of immune cells that
promotes trans-differentiation of HSCs into myofibroblasts,
responsible for collagen type I production and deposition [198].
Fibrosis is also commonly associated with hepatic viral infection,
alcoholism, hepatotoxic drugs, and even metabolic and autoim-
mune diseases. Therefore, an important step towards liver regener-
ation is the repair of fibrosis caused by the activation of HSCs. In
fact, IL-10, IL-1RA, HGF and TNF-o secreted by MSCs were demon-
strated to inhibit collagen synthesis and to induce HSC apoptosis
(Fig. 5) [74,191,199,200]. Specifically, inhibition of TGF-B1/Smad
pathway is associated to HSC apoptosis [201]. In particular, TGF-
B3 and HGF secreted by AT-MSCs induced Go/G; arrest of HSC
growth through the upregulation of p27X! and p21P! expression
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and downregulation of cyclin D1 [192]. Regarding IL-1RA, this
receptor antagonist was also shown to downregulate IL-1p and
TNF-o. in liver macrophages [74,200]. Furthermore, MSCs can
revert HSC activation by inhibiting a1(I) procollagen and al(IlI)
procollagen expression, or by downregulation of the phosphoryla-
tion of MAPK and ERK1/2 [192]. Moreover, MSCs can modulate
fibrosis by enhancing the expression of matrix metalloproteinases
(MMPs) and downregulating the expression of tissue inhibitors of
MMPs, resulting in the regression of liver fibrosis [202,203].

MSC trophic factors also have positive effects in hepatocyte pro-
liferation and migration, while reducing hepatocellular apoptosis
by a wide range of factors [204]. For example, IL-6 secreted from
BM-MSCs was found to induce FGL1 expression in hepatocytes
from CCl,-treated mice resulting in an anti-apoptotic effect [205].
Soluble factors such as SDF-1, IGF-1, Nrf-2, HIF, HO-1 and VEGF
were also reported to downregulate pro-apoptotic factors, such
as Bax, and increase the levels of the anti-apoptotic protein Bcl-2
and the activity of antioxidant proteins [61,206]. Surprisingly, in
a model of liver injury induced by ischemia/reperfusion, it was also
demonstrated that UC-MSCs-CM suppressed hepatocyte apoptosis
through the ability of improving the mitochondrial quality control
[207], namely by upregulating PINK1-dependent mitophagy [208].

Furthermore, MSCs can induce new vasculature from pre-
existing blood vessels [39]. The angiogenic potential of MSCs was
exerted through the secretion of angiopoietins (ANGPTs), HGF,
IGF-1, VEGF-A, VEGF-R1 and VEGF-R2, contributing to endothelial
cell proliferation and improvement of tissue vascularization
[209,210]. Therefore, it has been shown that the combination of
MSCs with EGF, FGF-2, IGF-1 and VEGF induced G-CSF, HGF,
IGFBP-2 and IL-8 expression in MSCs, enhancing their therapeutic
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Fig. 5. The main mechanisms and factors involved in the liver regenerative potential of MSC-derived secretome. (The figure was partly generated using Servier Medical Art,
provided by Servier, licensed under a Creative Commons Attribution 3.0 unported license).

Abbreviations: ANXA1: annexin A1; ANGPTs: angiopoietins; EGF: epidermal growth factor; FGF-2: fibroblast growth factor 2; HGF: hepatocyte growth factor; IDO: indoleamine-pyrrole
2,3-dioxygnease; IGF-1: insulin-like groth factor; IL-1: interleukin 1 beta; IL-6: interleukin 6; IL-10: interleukin 10; IL-22: interleukin 22; IL-1RA: interleukin 1 receptor antagonist;
MCP-1: monocyte chemoattractant protein 1; MIP-2: macrophage inflammatory protein 2; MGFE8: milk fat globule epidermal growth factor 8; MMPs: matrix metalloproteinases;
MSC: mesenchymal stem cells; Smad: mothers against decapentaplegic; TGF-p: transforming growth factor beta; TNF-o: tumor necrosis factor alpha; VEGF-A: vascular endothelial

growth factor A; VEGF-R1/R2: vascular endothelial growth factor receptor 1/2.

function in a TAA induced liver fibrosis model by improving liver
function and regeneration [197,211].

Interestingly, MSC-derived EVs have also demonstrated to ame-
liorate liver fibrosis, decrease of hepatic inflammation, collagen
deposition, hepatocyte apoptosis, reduce the epithelial-to-
mesenchymal transition of hepatocytes and consequently promote
liver function recovery [212,213] (Table 4).

Overall, MSC-derived secretome has demonstrated to have
immunomodulatory, anti-apoptotic, anti-fibrotic and angiogenic
effects, all promoters of hepatocyte function and proliferation,
resulting in the amelioration of liver injury.

MSC secretome in neurological diseases

Although until recently it was thought that the central nervous
system (CNS) was fixed and incapable of regeneration, nowadays it
is well-established that neural plasticity persists throughout life in
humans [214,215]. This process occurs by different mechanisms,
including the regulation of synaptogenesis in mature neurons but
also the function of supportive glial cells, including microglia.
Interestingly, neuroplasticity is also assured by the presence of
neural stem cells (NSCs) and neural progenitor stem cells (NPCs)
in specific niches of the adult nervous system [216], which in turn
constitute a reservoir for cell lost during physiologic cell turnover
and after brain damage [217]. Of note, NSCs of the adult mam-
malian are organized mainly in two brain neurogenic niches: the
subventricular zone (SVZ) of the walls of the lateral ventricles
[215] and the subgranular zone (SGZ) of the hippocampal dentate
gyrus [218]. In these neurogenic niches, NSCs can differentiate into

neuronal cells, astrocytes or oligodendrocytes [219]. However, the
half-life of these cells as well as all mechanism associated to neu-
roplasticity drops sharply with ageing, being implicated in several
aging-related cognitive deficits and impairments, such as Alzhei-
mer’s disease and major depressive disorder [220].

Since MSC-derived secretome has immune and neuroregulatory
properties, exposure of neural cells, including NSCs to MSC-derived
secretome could also represent a novel and feasible strategy to
enhance the proliferation and differentiation of these cells, delay-
ing a wide range of neurological and psychiatric conditions associ-
ated with NSC depletion (Fig. 6) [54,221,222]. Indeed, MSCs were
already shown to be capable of expressing a wide range of neu-
roregulatory molecules that regulate NSCs fate, axon guidance,
neural cell adhesion, neurite growth factors, neurotransmitter
receptors, and neurotrophic factors [223]. Besides neuroregulatory
properties, MSC-derived secretome was also shown to decrease the
excessive neuroinflammation observed in most brain injuries.
Moreover, MSC-derived factors, such as and BDNF, FGF-2 GDNF,
IGF, NGF and neurotrophin-3, revealed to be important growth fac-
tors for neuronal/glial cell population [120,214,222,224-226]
(Fig. 6). The administration of MSCs-derived EVs has also been
explored in the scope of different neurological and psychiatric dis-
eases, including ischemic stroke, Parkinsons disease, nerve pain
and even depression (Table 5).

Although preliminary, AT-MSCs-derived CM was used in a
mouse model of amyotrophic lateral sclerosis ALS [227], showing
that systemic administration of AT-MSCs-CM can attenuate the
progression of late-stage ALS mice and prevent neuromuscular
junctions’ denervation in early stages of ALS [227].
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Table 4
Studies demonstrating the beneficial effects of MSC-derived EVs on liver diseases.
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Abbreviations: ALP: alkaline phosphatase; ALT: alanine aminotransferase; ALF: acute liver failure; AT-MSCs: adipose tissue-derived mesenchymal stem cells; aSma: alpha-smooth muscle
actin; AST: aspartate aminotransferase; Bcl2: B-cell lymphoma 2; Bcl-XL: B-cell lymphoma-extra large; Bax: Bcl-2 associated X-protein; Colla: collagen type I alpha; D-GalN: D-
galactosamine; GGT: gamma-glutamyl transferase; hBM-MSCs: human bone marrow-mesenchymal stem cells; hfMSCs: human fetal mesenchymal stem cells; HSCs: hepatic stellate cells;
hUC-MSCs: human umbilical cord-mesenchymal stem cells; hESC: human embryonic stem cells; IL: interleukin; iNOS: inducible nitric oxide synthase; LPS: lipopolysaccharide; MDA:
malondialdehyde; MIP-2: macrophage inflammatory protein 2; miR-17: miRNA 17; NF-kB: nuclear factor kappa B; PCNA: proliferating cell nuclear antigen; STAT3: signal transducer and
activator of transcription 3; TAA: thioacetamide; TAMH cell line: immortalized mouse hepatocyte cell line from transgenic MT42 male mice over-expressing TGF-o. It is a metabolically
competent liver cell line that reproduces features of cytotoxicity; Timp1: TIMP metallopeptidase inhibitor 1; TGF-p1: tumor growth factor beta 1; Tnf-o: tumor necrosis factor alpha.

Source of EVs Disease Animal model Sample EVs effects Treatment outcomes Ref
hUC-MSCs Fibrotic liver Mice model of CCl,- Serum | Hyaluronic acid, TGF-$1 and AST Decreased liver damage [212]
induced fibrotic liver Liver slices | Collagen deposition
Liver slices Inhibition of signaling pathway TGF-p1/
Smad signaling pathway
Acute liver Mice model of CCl,- Liver slices | G-CSF, IL-1a, IL-6, MCP-1 and TNF-a Decreased liver inflammation [266]
failure induced fibrotic liver Liver cell | IKKB/NF-kB/caspase9/3 pathway Decreased liver cells
lysate 1 Bcl2 apoptosis
1 ERK 1/2 phosphorylation
Mice model of LPS/D- Serum | IL-1B and IL-6 Decreased liver inflammation [267]
GalN-induced liver Liver tissue | NLRP3 and caspase-1 in LPS-activated
failure homogenate  macrophages
AT-MSCs LPS/GalN- Mice model of LPS/ LPS- | NLRP3 inflammasome activation Decreased liver damage [268]
induced GalN-induced ALF activated
fulminant macrophages
hepatitis Serum | ALT and AST
AT-MSC- High levels of miR-17 Modulation of inflammasome
sEVs cargo activation in hepatic
macrophages
hBM-MSCs Fibrotic liver Rat model of CCly- Liver | Hydroxyproline Revealed low levels of [269]
induced fibrotic liver homogenate collagen deposition
Liver | MDA Revealed low lipid
homogenate peroxidation changes
Serum | ALP, ALT, AST, GGT, total bilirubin Decreased liver damage
Liver slices | collagen deposition Decrease liver damage
RNA | IL- and IL-6 Reduced hepatic
extracted inflammation
from liver
HSCs and in  Inhibition of Wnt/B-catenin signaling Decreased HSC activation
liver slices
hf-MSCs Fibrotic liver Mice model of CCly- Serum | ALT and AST Decrease liver damage [213]
induced fibrotic liver Liver tissue 1 expression of hepatic regenerative genes: Hepatic regeneration
NF-kB, cyclin D1 and cyclin E
Liver slices PCNA*-stained cells Activation of hepatocyte
proliferation
APAP and H,0;-induced TAMH cells 1 IL-6 and TNF-o Initiation of liver
liver injuries in TAMH regeneration
cells 1 iNOS and MIP-2 Hepatic regeneration
1 expression of hepatic regenerative genes: Hepatic regeneration
Stat3 and NF-«xB
| caspase 3 and Bcl-XL Protection of hepatocytes
from apoptosis
hESC-MSCs Fibrotic liver TAA-induced chronic Serum | ALT, AST and GGT Decrease liver damage [270]
rat liver Liver tissue | collagen density Decrease liver fibrosis
| caspase 3 and Bax; 1 Bcl2 Protection of hepatocytes
from apoptosis
| genes involved in liver fibrosis: Colla, a- Decrease liver damage
Sma, Timp1; | pro-inflammatory genes Tnfa
and 112
Drug-induced CClg-induced liver Liver slices PCNA*-stained cells Activation of hepatocyte [213]

liver injury injury

1 PCNA and cyclin D1 proteins

1 Bcl-XL protein

proliferation

Increase of hepatocytes
survival rate

Protection of hepatocytes
from apoptosis

Regarding ischemic stroke, and in response to the neural dam-
age that follows this event, the immune system has shown to
become activated. Hence, there is a rise in inflammatory mediators
levels as well as a recruitment of immune cells for the CNS. Inter-
estingly, several studies have shown that the administration of
MSCs can reduce the levels of TNF-a and NF-xB by raising the
pro-angiogenic factor VEGF. In fact, the inhibition of NF-«B is asso-
ciated with anti-inflammatory and anti-apoptotic effects of MSCs.
Specifically, BM-MSCs appear to stimulate brain parenchymal cells
to release neurotrophic factors, including BDNF and FGF. Similarly,
intravenous (i.v.) administration of BM-MSCs has led to segrega-
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tion of the neurotrophic factors BDNF, FGF-2, HGF, IGF-1, NAP-2
and VEGF, stimulating neuronal growth and post-stroke neovascu-
larization [17]. Importantly, as already stated for other pathologi-
cal contexts, the major effects of MSCs transplantation appeared
to derive from the neuroregulatory molecules that MSCs segregate,
including BDNF, EGF, FGF-2 and VEGF [222,228].

In the context of multiple sclerosis (MS), MSCs have shown
promising effects. Of note, MS is characterized by a chronic inflam-
matory demyelination in white and grey matter of the CNS, which
in turn induce general brain damage. In MS, demyelination relies
on oligodendrocyte damage, in part by immune cells, including T
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MSCs secretome

1BDNF;, EGF, GDNF;, NGF HGF/c-Met

(Salgado et al. 2015;
Barati et al, 2020; Scalabrino et al, 2022;
Bai et al. 2012)

A

Re-myelination

o183
Neurogenesis

LL-18
HIL-10

(Barati et al. 2020)

Decrease of microgliosis

1 HGF IL-6, TGF-B, VEGF v

(Wang et al 2018)

Angiogenesis

Fig. 6. The role of MSC-derived secretome in neuroregeneration. MSC release a plethora of growth factors and neurotrophins that can regulate neurogenesis,
oligodendrogenesis, angiogenesis and modulates neuroinflammation, therefore contributing to neuroregeneration.

Abbreviations: Ang-1: angiopoietin 1; BDNF: brain derived growth factor; EGF: epidermal growth factor; FGF-2: fibroblast growth factor 2; CNTF: ciliary neurotrophic factor; GDNF:
glial cell derived growth factor; HGF: hepatocyte growth factor; IL: interleukin; MSCs: mesenchymal stem cells; NAP-2: neutrophil activating protein 2; NGF: nerve growth factor;
NT-3: neurotrophin 3; PDGF: platelet derived growth factor; TGF-p: transforming growth factor beta; TNF-$1: tumor necrosis factor beta 1; VEGF: vascular endothelial growth factor.

cells, which enter in the CNS and recognize myelin as a foreign sub-
stance to degrade it [216]. MSC-derived secretome can therefore
act in distinct aspects of MS pathophysiology. For example, by i)
stimulating oligodendrogenesis, remyelination and axonal regen-
eration, ii) inducing both anti-apoptotic signaling pathways and
anti-glial scar activation, or iii) modulating the activity of T cells,
B cells and DCs, thus controlling the autoimmune component of
this disease [225]. In the experimental autoimmune
encephalomyelitis (EAE), an animal model of MS, the efficacy of
MSCs in enhancing functional recovery appears to reflect their abil-
ity to modulate both the immune system [229] and neural cell
responses [230]. These cells have revealed to segregate several
neurotrophic factors, including BDNF, neurotrophin-3 and NGF
[230,231], neurotrophic factors with a pivotal role in inhibiting
apoptosis and inducing the proliferation of endogenous cells in
the SVZ [232-234]. In several studies, HGF, a pleiotropic cytokine
derived from cells of mesenchymal origin and whose main recep-
tor is the transmembrane c-Met [235,236], revealed a key role in
mediating MSCs-stimulated recovery of autoimmune diseases,
remyelination and neural cell development, including in MS
[235,236]. In this regard, Bai and colleagues have identified a cen-
tral role of HGF/c-Met pathway in the recovery and remyelination
stimulated by MSCs. More specifically, the administration of MSC-
secretome or/and HGF led to the reduction of pro-inflammatory
cytokines IL-2, IL-17, IFN-y, TNF-o, and IL-12p70 and increased
the levels of anti-inflammatory cytokines IL-4 and IL-10. The use
of c-Met antibody abrogated this beneficial effect [236].
Regarding Parkinsons disease, studies with 6-hydroxydopamine
(6-OHDA) animal models revealed that the administration of hBM-
MSC-derived secretome significantly reduced dopaminergic loss in
substantia nigra and striatum. Curiously, the same result was not
observed in animals subjected to hBM-MSC engraftment, revealing
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that hBM-MSCs-secretome can minimize dopaminergic degeneration
in a higher magnitude than BM-MSCs per se [237]. Importantly, it has
been shown that human umbilical cord (hUC)-MSC-derived EVs pass
the blood-brain barrier (BBB) and reach the midbrain substantia
nigra. Once there, they were able to reduce dopaminergic neuron loss
and improve behavioral deficits in the apomorphine-induced asym-
metric rotation test in Parkinsons disease rat models, suggesting
the role of these EVs on dopaminergic neurons of the substantia nigra
[238]. Putting in evidence the role of the oxidative stress in neurode-
generation diseases, Niu et al. explored the protective effect of BM-
MSC-derived secretome to alleviate H,0,-induced oxidative stress
in NSCs in vitro. Importantly, oxidative stress is characteristically pre-
sent in SCI, leading to death of NSCs. In this regard, treatment of NSCs
with H,0,; significantly induced apoptosis, malondialdehyde (MDA)
and SOD activity by activating the Notch1 signaling pathway. BM-
MSC-derived CM was shown to revert this effect, by neutralizing
oxidative stress and, therefore, by preventing the apoptosis of NSCs.
Notably, the survival of NSCs treated with BM-MSCS-derived CM
occurred in a dose-dependent manner [126,239].

Conclusions and future perspectives

The undoubtably potential of MSC-derived secretome and the
key advantages of their use over transplanting MSCs have been
demonstrated by the multiple clinical trials using MSC-derived
secretome, including EVs, in a wide range of human diseases
(Table 6) [240]. Likewise, with the emergence of COVID-19, many
efforts have been made to find new therapeutic strategies against
this emerging disease. Nevertheless, despite the encouraging pre-
clinical outcomes, described above, most of the registered clinical
trials applying MSC-based therapies, for diverse human diseases,
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Table 5

Preclinical studies demonstrating the beneficial effects of MSC-derived EVs on neurological diseases.
Abbreviations: BBB: blood-brain barrier; Bax: Bcl-2 associated X-protein; Bcl-2: B-cell lymphoma-2; hBM-MSCs: human bone marrow-mesenchymal stem cells; CSF: cerebrospinal fluid;
EVs: extracellular vesicles; CTGF: connective tissue growth factor; LDH: lactate dehydrogenase; hUC-MSCs: human umbilical cord-mesenchymal stem cells; IL-1p: interleukin 1 beta;
MCAO: middle cerebral artery occlusion; MDA: malondialdehyde; miR-133b: miRNA-133b; NSCs: neural stem cells; 6-OHDA: 6-hydroxydopamine; sEVs: small extracellular vesicles; SNL:
spinal nerve ligand; SOD: superoxide dismutase; TNF-o: tumor necrosis factor alpha.
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Source of EVs Disease Animal model Sample EVs effects Treatment outcomes Ref
rat BM-MSCs Stroke MCAO rat CSF 1 miR-133b in the Enhancement of endogenous [16,48,120]
ischemic cerebral tissue neurogenesis and cerebral
Astrocytes of the ischemic | CTGF angiogenesis,synaptogenesis,
boundary zone neurite outgrowth and
Astrocytes of the ischemic | RhoA protein functional recovery after stroke
boundary zone expression
hUC-MSCs Parkinsons ~ 6-OHDA-stimulated 6-OHDA-stimulated SH-SY5Y | caspase 3 Reduction of apoptosis of [238]
disease rat/6-OHDA- cells dopaminergic neurons
stimulated SH-SY5Y 6-OHDA-stimulated SH-SY5Y 1 autophagic-related Cytoprotective action
cells cells proteins LC3B-II/I and
beclin-1
Striatum of 6-OHDA- Upregulation of dopamine and its metabolites
stimulated rat
Brain slices of 6-OHDA- sEVs-crossing of BBB Relieve of asymmetric rotation
stimulated rat and reaching substantia
nigra
hUC-MSC Nerve pain ~ SNL rat Ipsilateral L5/L6 spinal cord | c-Fos, CNPase, GFAP Attenuated increased of glial [271]
and dorsal root ganglion and Iba-1 activation
Ipsilateral L5/L6 dorsal root | TNF-ooand IL-1B and 7 Anti-inflammatory and pro-
ganglion IL-10, BDNF and GDNF  neurotrophic abilities
Ipsilateral L5 spinal dorsal Presence of exosomes Homing properties of hUC-MSC-
horn, dorsal root ganglion green-labelled derived exosomes
and peripheral axons
n.a. 1 of paw withdrawal | development of SNL-induced
threshold and paw mechanical allodynia and
withdrawal latency thermal hyperalgesia
hBM-MSCs Depression  Corticosterone- Hippocampal tissue 1 miR-26a expression Improve injury of hippocampal [49]

induced depressed rat
Hippocampal tissue

Serum and hippocampal

tissue

neurons
Reduction of hippocampal
neurons apoptosis

Reduction of oxidate stress and
inflammatory state

| Bax and 1 Bcl-2

1 SOD and | MDA, LDH,
IL-1B and TNF-o levels

have fallen short of expectations. This can be a consequence i) of
inconsistent criteria for MSCs identity across studies, ii) cells inher-
ited heterogeneity, iii) absence of robust good manufacturing prac-
tices (GMP)-compliant manufacturing processes, iv) lack of
confirmation studies on safety and effectiveness through in vitro,
in vivo animal models, and human clinical trials, or v) deficient evi-
dence of pharmaceutical quality, stability, and shelf-life of the final
product, among others.

Currently, there is no approved treatment with MSC-secretome
since the safety and efficacy profiles are not sufficiently well-
demonstrated yet. Therefore, there are still some challenges to
overcome in what concerns to the implementation of MSC-
secretome as a therapeutic with effective clinical application.
Firstly, it is crucial to establish GMP guidelines for large-scale man-
ufacturing of MSC-derived products [206,241,242]. To guarantee
that GMPs are achieved, a standard protocol for both MSCs growth
and production as well as for isolation of their secretome must be
established to exactly define the biochemical composition of MSC-
derived secretome (because it is a biological product without a
well-defined chemical composition) [243]. Moreover, if a priming
strategy is implemented, this must be reproducible between
batches, as well as the period of the secretome conditioning
[244,245]. In addition, the number of MSC passage [246-248]
and the donor variability [246-248] cannot be ignored since MSC
activity and, thus, the properties of MSC-secretome can be affected
by donor age and sex [246,248,249], with older donors of BM-MSCs
having lower proliferation rates [246,249] and osteogenic
[246,248], adipogenic and neurogenic [248] capacities.

Nevertheless, there is no doubt that MSC-derived secretome can
be analyzed in terms of safety, dosage and efficacy as a conven-
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tional pharmaceutical agent, offering an advantage over the use
of stem cell engraftment. The clinical use of MSC-derived secre-
tome is also facilitated by economical aspects with a favorable
cost-effective profile and by easier storage procedures waiving
the use of potentially toxic agents [243]. The system of secretome
delivery is also a challenge since direct injection of secretome into
blood circulation usually leads to a rapid uptake and clearance of
the MSC-sourced secretome by macrophages [126]. Therefore,
new pharmaceutical technology techniques are needed to overpass
this problem, including the use of hydrogel systems to modulate
secretome release. Hydrogels, for instance, can provide structural
support to the therapeutic product and, on the other hand, enable
a controlled release, improving the bioavailability and the safety of
the therapeutic effect [126,250].

As for the use of MSC-derived EVs as therapeutic product, in a
near future, it will be necessary i) to qualify the methods of the
production, isolation, and characterization of MSC-EVs [241,251];
ii) define the pharmacokinetic profile of these vesicles; and iii) cre-
ate their safety profile [251]. These requirements will be particu-
larly important for scaling up the production of MSC-derived
secretome, including MSC-EVs, since it is critical to guarantee the
production of large quantities while ensuring that the produced
product is similar between batches [241,242]. EVs have better
safety profiles due to their better immunocompatibility, but safety
and efficacy of MSC-EVs in various disease conditions need to be
ensured in further preclinical and clinical evaluation. Long-term
toxicity and immunogenicity of repeated administration of EVs
using histopathological analysis, hematological examination, and
immunotyping test should also be carried out to find whether
MSC-EVs might trigger immune responses or toxic reactions
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Table 6
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Ongoing and completed clinical trials using MSC-derived secretome and EVs in respiratory, neurological, and other inflammatory conditions.
Abbreviations: ARDS: acute respiratory distress syndrome; AT-MSCs: adipose tissue-derived mesenchymal stem cells; BM-MSCs: bone marrow-mesenchymal stem cells; EVs: extracellular
vesicles; m/IEVs: medium/large extracellular vesicles; sEVs: small extracellular vesicles; UC-MSCs: umbilical cord-derived mesenchymal stem cells.

Disease MSC product Administration route n Trial ID Outcomes
COVID-19 MSC-secretome v 20 NCT05122234 Concluded. Results not published.
COVID-19 MSC-sEVs v 60 NCT05216562 Unknown status
COVID-19/cytokine storm Hypoxia MSC-secretome IM 24 NCT04753476 Unknown status
COVID-19-associated pneumonia BM-MSC-sEVs Inhalation 24 NCT04276987 Concluded. Results not published.
COVID-19-associated pneumonia MSC-sEVs Inhalation 20 NCT04602442 Concluded. Results not published.
COVID-19-associated ARDS BM-MSC-sEVs \% 30 NCT05125562 Withdrawn
COVID-19-associated ARDS BM-MSC-EVs IV infusion 400 NCT05354141 Ongoing
COVID-19-associated ARDS BM-MSC-EVs IV infusion N/ NCT04657458 Ongoing
A
COVID-19-associated ARDS BM-MSC-EVs IV infusion 120 NCT04493242 The authors reported no adverse effects.
COVID-19-associated ARDS MSC-sEVs I\Y% 55 NCT04798716 Ongoing
COVID-19-associated pneumonia MSC- sEVs Inhalation 30 NCT04491240 The authors reported no adverse effects.
Post-acute-COVID BM-MSC-EVs v 60 NCT05116761 Ongoing
ARDS MSC- sEVs Inhalation 169 NCT04602104 Ongoing
ARDS BM-MSC-EVs Injectable 81 NCT05127122 Ongoing
Bronchopulmonary dysplasia MSC-EVs IV infusion 3 NCT03857841 The study was interrupted due to
commercial analysis and inferential
analysis was not performed.
Pulmonary infection resistant to AT-MSC-sEVs Inhalation 60 NCT04544215 Concluded. Necrotizing colitis was
carbapenem reported at the lowest dose tested.
Ischemic stroke UC-MSC-secretome Intranasal or 15 NCT05008588 Ongoing
intraparenchymal
Cerebrovascular diseases MSC-sEVs enriched by Intraparenchymal 5 NCT03384433 Ongoing
miR-124
Cerebral palsy UC-MSC-secretome Intrathecal 78 NCT04314687 Ongoing
Alzheimer’s disease MSC-sEVs Intranasal 9 NCT04388982 Ongoing
Refractory Crohn’s disease BM-MSC-EVs v N/ NCT04388982 Ongoing
A
Refractory Crohn’s disease BM-MSC-EVs v 10 NCT05130983 Ongoing
Refractory ulcerative colitis BM-MSC-EVs v 10  NCT05176366 Ongoing
Diabetes Mellitus type 1 UC-MSCs sEVS/m/IEVs \Y% 20 NCT02138331 Concluded. Results not published.
Multiple organ failure MSCs-sEVS v 60 NCT04356300 Ongoing

[252]. Other factors can also interfere with the EVs composition,
including the number of the passage of MSCs, which can influence
the EVs cargo, and the use of antibiotics, including ciprofloxacin
that can alter the EVs surface, leading to their attachment to
ECM components [241]. Moreover, as happens for other types of
cells, the pathophysiological mechanism of MSC-EVs cannot be
excluded. Since EVs enable intercellular communication, the
MSC-EVs content in proteins and nucleic acids that can be involved
in mechanisms of disease have to be considered and explored
when trying to use these types of vesicles as a therapeutic strategy.
Importantly, although the mechanisms by which EVs can cross the
biological membranes and be internalized by target cells need clar-
ification, they can bypass the BBB and the blood-retinal barrier
[59]. Therefore, these EVs represent a promising therapeutic tool
for several pathological conditions, namely neurological disorders
[59,253-256]. Nevertheless, the risk of thrombosis cannot be
ignored, especially for higher concentrations, due to the presence
of procoagulant factors when systemically administered
[241,257]. MSC-EVs can also be easily administrated by the intra-
nasal route, especially for respiratory and neurological diseases.
Herein, pharmaceutical technology approaches may be explored
to enhance the permeability of MSC-EVs through the different bio-
logical barriers or to aid driving EVs to target organs. These meth-
ods include the application of excipients and engineering
techniques that can improve MSC-EVs their permeability and
structure, such as increasing the expression of surface proteins that
can target them into a certain tissue or that can prevent their
recognition by immune cells, including CD47 to avoid phagocytosis
by monocytes, thereby prolonging the circulation half-life of EVs
[258,259]. In fact, some clinical trials with MSC-secretome already
include non-invasive routes of administration such as the intrana-
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sal route for Alzheimefs disease (NCT04388982) and for acute
ischemic stroke (NCT05008588) (Table 6). Additionally, in order
to overcome existing obstacles in EVs-based therapeutics, it is
imperative to standardize and optimize the production of EVs,
while also better understanding their underlying mechanisms.

Lastly, the precise mechanisms by which MSCs exert their
trophic and therapeutic effects in different biological contexts still
needs clarification. Additional molecular and biochemical studies
are required to fill the gap in our understanding on the exact sig-
naling pathways responsible for the strong association between
MSC secretome and recipient cell survival and tissue regeneration.
Nevertheless, the preclinical studies together with more standard-
ized clinical trials are developing rapidly which may provide criti-
cal guidance for researcher pursuing further translational
processes. All in all, the following years will be certainly determi-
nant to overcome the announced critical challenges of MSC-
derived secretome, making its clinical application more suitable
for the most diverse areas of regenerative medicine.
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