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RESUMEN 

 

En los últimos veinte años, las terapias basadas en el uso de células madre se han convertido en 

una prometedora herramienta terapéutica en el campo de la biomedicina. En este escenario, las 

células más estudiadas y que más se han usado en medicina regenerativa son las células madre 

mesenquimales (MSCs), gracias a su capacidad de diferenciación, sus efectos paracrinos y su 

multipotencialidad. A pesar de ello, este tipo de terapias tiene sus limitaciones, principalmente 

relacionadas con la seguridad, y en ciertos tipos de células, implicaciones éticas. Es por este motivo 

por el que la investigación se ha centrado en el uso de terapias alternativas no celulares que 

presentan todas las ventajas de la administración de células madre, disminuyendo los posibles 

riesgos. Una de estas terapias no celulares consiste en la administración de vesículas 

extracelulares, las cuales son secretadas por las MSCs para ejercer su efecto paracrino. 

En la actualidad, se están llevando a cabo numerosos estudios clínicos y preclínicos basados en la 

administración de células madre, algunos de los cuales ya han sido aprobados por la Agencia 

Europea del Medicamento y por la American Food and Drug administration. Por el contrario, existen 

muy pocos ensayos clínicos basados en la administración de vesículas extracelulares. Es 

importante indicar que, a día de hoy este tipo de terapias presentan muchas desventajas y su 

aplicación clínica sigue siendo un tema controvertido. 

Por esta razón, el objetivo de esta tesis ha sido caracterizar y evaluar el efecto de las terapias 

celulares basadas en la administración de MSCs y de sus vesículas extracelulares sobre modelos 

animales. Para la evaluación de ambas terapias se utilizaron tres condiciones 

patológicas/fisiológicas, cuya aplicación clínica aún no se ha desarrollado  

Así, los modelos animales de hernia abdominal, infarto de miocardio y estudios de fecundación in 

vitro nos han permitido dilucidar si estas opciones terapéuticas avanzadas pueden ser útiles para 

prevenir y tratar enfermedades humanas, mejorando y prolongando la calidad de vida. 



 

9 

 

ABSTRACT 

 

Stem cell therapies have represented one of the brightest promises in the biomedical science in the 

last twenty years. Mesenchymal stem cells (MSCs) have been broadly studied and their extensive 

use in and regenerative medicine can be attributed to their differentiation ability, multipotentiality, 

and paracrine potential. Despite this, stem cell therapies have some limitations, safety concerns and, 

depending on cell type, even some ethical issues. Because of that, researchers have focused their 

attention on cell-free therapies that present all the advantages related to stem cells, but avoid most 

of the hypothetical risks. One of these cell-free therapies involves extracellular vesicles (EVs) 

secreted by MSCs which are responsible of most of their paracrine activity. 

Currently, cell-based therapies are undergoing numerous preclinical and clinical trials, having, some 

of them, already been approved as advanced therapies by the European Medical Agency and by the 

American Food and Drug administration. In contrast, very little ongoing clinical trials are testing the 

clinical use of cell-free therapies based on extracellular vesicles. Both therapies still present some 

disadvantages and their clinical application is still a controversial issue. 

For this reason, the aim of this thesis was the characterization and evaluation of cell- and cell-free 

therapies, based on MSCs and EVs, respectively, in animal models. Three pathological/physiological 

conditions, whose resolutive clinical approach has not been defined yet, will be used for the 

evaluation of these cell- and cell-free therapies.   

Hence, animal models of abdominal hernia, myocardial infarction and in vitro fecundation studies 

allowed us to elucidate if these advanced therapeutic options may be useful to prevent and treat 

human diseases, improving and prolonging quality of life. 

 

  



 

10 

 

GRAPHICAL ABSTRACT 

 

 

 

 

 



 

11 

 

 

INTRODUCTION 

STEM CELLS 

Stem cells are unspecialised cells found in any multicellular organism in the animal and plant 

kingdoms (1). In 1868, the German biologists Ernst Haeckel hypothesised the existence of an 

ancestor unicellular organism that gave rise to all multicellular organisms according to Darwin's 

theory of evolution. This ideal ancestor was called “stem cell”. Afterwards, in 1877, Ernst Haeckel 

used the term “stem cell” to describe also the fertilised egg giving rise to all the cells of the living 

creatures. At the end of 19th century, in the light of the theories of August Weismann, Theodor Boveri 

and Valentin Häcker, the term “stem cell” started to be used to refer to what are nowadays called 

“primordial germ cells” (2). After that, more theories and more investigation led to the first evidence 

of the existence of a common hematopoietic stem cell by James Till and Ernest McCulloch in 1961. 

The first isolation of embryonic stem cells from murine embryos by Martin Evans and Matthew 

Kaufman in 1981 (3) and from human embryos by James Thomson in 1998 (4), started the stem cell 

era, where mammalian stem cells have been, and are being, thoroughly studied. 

GENERAL CHARACTERISTICS OF STEM CELLS 

SELF-MAINTENANCE AND SELF-RENEWAL, DIFFERENTIATION , AND QUIESCENCE 

Stem cells are represented by fixed and representative characteristics. Self-maintenance is the 

ability of stem cells to maintain their own number. Self-renewal, on the other hand, is the ability of 

maintaining multipotency and tissue regeneration potential during multiple proliferation cycles. 

Stem cells have a long term self-renew ability that is preserved throughout the lifetime of the animal. 

Frequency and timing of self-renewal divisions of stem cells are strictly regulated by different 

mechanisms. This fine regulation controls the proliferative potential of stem cells, preventing tissue 

atrophy, premature ageing, abnormal tissue development, and cancer (5,6). Stem cell proliferation 

can occur through symmetric or asymmetric cell divisions. Symmetric divisions can be self-renewing 

or differentiative. Self-renewing divisions are aimed to expand the stem pool, while symmetric 

differentiating divisions generate two differentiated progenies. In contrast, asymmetric cell divisions 
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generate one self-renewing and one differentiated progeny in a single division (7,8). Stem cell fate 

toward a symmetric or an asymmetric division can be induced by signalling molecules from stem 

cell niche or distant tissues, or from intrinsic determinants, as cytoskeleton polarization (9).  

Differentiation is the ability of stem cells to switch to more specialised cells, losing some of their 

developmental potential (5). Cell differentiation can be induced by soluble factors (i.e., growth 

factors and cytokines) present in stem cell microenvironment, by cell-cell and cell-extracellular 

matrix contacts, and physical forces. Stem cells do not differentiate towards a random specialised 

cell type: their fate is strictly dependent on tissue-specific ligand and receptor expression and on a 

variety of autocrine and paracrine signals that may reach the stem cell niche as long as they develop 

and adapt (10). Thanks to their proliferation and differentiation capacity, stem cells are directly 

involved in tissue regeneration in case of injury. Firstly, they proliferate to replenish the tissue, then 

they differentiate into progenitor cells. Subsequently, progenitor cells differentiate into lineage-

specific and functionally mature cell types, restoring the damaged tissue (11). The capacity of stem 

cells to differentiate to restore the injured tissue of course depends on their lineage commitment, 

which, in turn, depends on their developmental potency (12).  

Quiescence is a reversible stop of cell cycle leading to the absence of cell proliferation. Within 

uninjured tissues, stem cells that remain in a quiescent and undifferentiated state until they receive 

activation stimuli from the stem cell niche. Subsequently, they re-enter the cell cycle and resume 

proliferation (5,11).  

DEVELOPMENTAL POTENCY OF STEM CELLS 

In the process of fertilization, after sperm entrance in the oocyte, the very first embryonic diploid cell, 

the zygote, is formed. The mouse zygote cleaves into blastomeres of equal developmental potency 

for no more than three cell divisions, reaching the 8-16-cell embryo stage. The zygote and these early 

blastomeres are totipotent stem cells, that can give rise to any embryonic or extraembryonic tissue 

(13). When early blastomeres start to fuse forming a morula (E2.5), they enter the first differentiation 

event, where the blastomeres residing in the external surface of the morula commit to the 

trophectoderm lineage, while the blastomeres residing in the centre of the morula commit to the 

inner cellular mass lineage. When four days have passed since oocyte fertilization, the embryo is at 

the blastocyst stage and rolls into the uterine cavity. The inner cell mass and the trophectoderm 

cells start to be physically divided by a fluid-filled cavity called blastocoel (14,15). Before hatching 

from the zona pellucida, hence before implantation, a second differentiation event occurs: the inner 
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cellular mass (expressing Nanog and Gata6 mRNA) differentiates into epiblast (expressing Nanog) 

and primitive endoderm (expressing Gata6). Initially (E3.25), epiblast and primitive endoderm have 

a random spatial distribution into the inner cell mass. In the late blastocyst (E4.5) Nanog positive 

cells remain in the internal core of the inner cell mass, while Gata6 positive cells move to the borders, 

separating the epiblast from the blastocoel (16). At this stage, trophectoderm and primitive 

endoderm cells commit to form extraembryonic tissues, being this process essential for 

implantation. On the other side, the epiblast cells remain undifferentiated and are pluripotent stem 

cells (17), with an unlimited differentiation capacity towards all the embryonic tissues of the 

organism. From E6.5 to E8.5, the primitive streak, the site of migration of the pluripotent cells, is 

formed in the middle of the epiblast. In this process, called gastrulation, the pluripotent epiblast cells 

undergo another differentiation process towards the ectodermal, mesodermal, and endodermal cell 

layers (18). Cells from the three germ layers are multipotent stem cells, with the potential of 

differentiating into specific cell lineages depending on the layer of origin. Organogenesis is led by 

these multipotent stem cells (Figure 1). After birth, adult stem cells can be found in almost all parts 

of the body. Their function is to allow healing, growth, and replacement of senescent or damaged 

cells. Among the big adult stem cell population, multipotent, oligopotent, and unipotent stem cells 

can be found, with an increasingly lower range of differentiation options (15). Even though 

pluripotent stem cell presence within adult tissues has been reported, it is likely that they are 

isolation or culture artefacts (19). 

 



INTRODUCTION 

14 

 

 

Figure 1. Multipotent stem cell formation from the fertilised oocyte. The pluripotent embryonic 

stem cells from the inner cell mass differentiate towards multipotent mesodermal, ectodermal, or 

endodermal stem cells during gastrulation. These multipotent cells further differentiate and create 

specialised organs. Figure created with Biorender (https://biorender.com/). 

 

STEM CELL CLASSIFICATION ACCORDING TO THEIR ORIGIN  

PLURIPOTENT STEM CELLS 

Pluripotent stem cells are characterised by unlimited self-renewal and differentiation capacity. To 

be defined “pluripotent”, stem cells have to: I) rise from a pluripotent cell population; II) be immortal; 

III) propagate indefinitely in the undifferentiated state; VI) be clonally derived, but capable of 

differentiating into the three germ layers; V) form teratomas in vivo; VI) maintain of a normal 

karyotype in vitro (20,21). 

Embryonic stem cells (ESCs) derive and can be isolated from the inner cell mass of pre-implantation 

blastocysts. They can be expanded rapidly in vitro and cultured as immortal cell lines. Additionally, 

they show a high differentiation capacity, being able to differentiate into all embryonic cell types. 
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Their properties are regulated by various transcription factors, as Kruppel-Like Factor 4 (KLF4), Myc 

Proto-Oncogene (MYC), Nanog Homeobox (NANOG), Octamer binding transcription factor (OCT) 

3/4, and SRY (Sex Determining Region Y)-Box 2 (SOX2). ESCs use for cell therapy is strongly 

discouraged since they also show a high oncogenic potential and trigger immune rejection. 

Additionally, they are not free of ethical concerns (20,22–24). 

In 2006, the group of Yamanaka discovered that differentiated somatic cells, transfected with the 

transcription factors Oct3/4, Sox2, Klf4 and c-Myc, could be reprogrammed to pluripotent cells, called 

induced pluripotent stem cells (iPSCs) (13,22,24). This reprogramming method has been further 

improved by downregulating genes promoting genome stability, as p53. iPSC technology avoids 

ethical implications and can generate patient-specific pluripotent stem cells. Nevertheless, the high 

risk of single mutations, insertions and changes in the epigenetic signatures in non-genetic and 

genetic regions, at the moment, limits their therapeutic use (15,20,25). 

ADULT STEM CELLS 

After birth, tissue repair is guaranteed by a variety of adult stem cells (26). Compared to ESCs, they 

are more difficult to isolate and expand in vitro, and their recovery often involves invasive 

interventions. Additionally, depending on the site where adult stem cells are, their proliferation can 

be more or less efficient. Consequently, it is more likely to retrieve an abundant number of adult 

stem cells from bone marrow than from pancreas. Regarding their potency, unipotent (e.g. satellite 

and  epidermal stem cells) (27); oligopotent (corneal and limbal stem cells) (28); and multipotent 

adult stem cells (neuronal, haematopoietic, and mesenchymal stem cells) (23,26) can be found in 

the adult body. Regardless of their differentiation potential, adult stem cells are a valuable source of 

self-renewing cells for regenerative medicine purposes and they can be used in autologous and 

allogenic therapies, without the risk of immune rejection (20,25).  

 

MESENCHYMAL STEM/STROMAL CELLS 

Mesenchymal stem/stromal cells (MSCs) are a type of cell culture with immunomodulatory and 

regenerative properties (29). They are fibroblast-like cells (30) that can be isolated from perinatal 

tissues (umbilical cord, cord blood, placenta, and amniotic fluid) and adult tissues (bone marrow, 

adipose tissue, synovial fluid, and periosteum). MSCs can differentiate towards the osteogenic, 
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chondrogenic, and adipogenic lineages, but also towards connective tissue, smooth muscle, and 

haematopoietic stroma, being so defined as “multipotent”. Their multipotentiality is increased under 

certain culture conditions, that can induce MSC differentiation towards cardiac, lung, endothelial 

cells, and astrocytes, among other cell types (22,31,32). The acronym “MSC” has generated 

confusion over time, being sometimes indiscriminately associated to the terms “mesenchymal stem 

cells”, “multipotent stromal cells” (33), or “medicinal secretory cells” (34). Discrepancies and 

overlapping hallmarks between these three terms have been thoroughly described by Paolo Bianco 

in 2014 (33) and by Arnold Caplan in 2017 (34). To avoid misunderstandings, the International 

Society for Cellular Therapy (ISCT) in 2006 published the Minimal Criteria for defining multipotent 

mesenchymal stromal cells (35). This position statement defined that any cell culture deriving from 

bone marrow or other tissues could be labelled as “multipotent mesenchymal stromal cells” only 

accomplishing three criteria: I) adherence to plastic; II) expression of the specific surface antigens 

CD105, CD73 and CD90, and lack of expression of CD45, CD34, CD14 or CD11b, CD79a or CD19 and 

HLA-DR; III) multipotent differentiation potential towards osteoblasts, adipocytes and chondroblasts 

(35). Furthermore, without contradicting ISCT guidelines, authors have also described MSCs as 

fibroblastoid/cuboidal cells forming colonies, expressing additional surface markers, as CD44, 

CD49, CD51, CD62, CD117, CD166, CD271, and Stro-1, and not expressing glycophorin A, CD11a, and 

CD31. While adherence to plastic and colony formation can be easily assessed though inverted 

microscopy, the expression of surface antigens requires flow cytometry analysis. On the other hand, 

MSC differentiation potential needs to be demonstrate through the use of in vitro differentiation 

media and specific staining (Alcian blue for chondroblasts, Alizarin Red or von Kossa staining for 

osteoblasts; Oil Red O for adipocytes) (22,31,33,35). 

THERAPEUTIC USE OF MSCS 

In the last decades, the regenerative and immunomodulatory potential of MSCs has been 

demonstrated on numerous occasions over time. MSCs were so proposed as a promising 

therapeutic approach for the treatment of autoimmune diseases, transplantations, and any disease 

causing an exacerbated inflammatory reaction. Hence, to assess the beneficial effects of local or 

systemic administration of MSCs, a multitude of in vitro and preclinical studies have been focused 

on the most disparate conditions, as acute myocardial infarction (36); autoimmune disorders (37); 

burns (38); cardiac diseases (39); cartilage repair (40); chronic lung allograft dysfunction (41); 

Crohn's disease (42), fracture repair (43); graft-versus-host disease (44); hernia (45); kidney 

transplantation (46); liver transplantation (47); lung diseases (48); multiple sclerosis and 
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amyotrophic lateral sclerosis (49); osteoarthritis (50); osteonecrosis (51); Parkinson disease (52); 

rheumatoid arthritis (53), small bowel transplantation (54); spine fusion (55); spinal cord injury (56); 

stroke (57); synovitis (58); systemic lupus erythematosus (59), temporomandibular joint 

disorders (60); and vascular diseases (61).  

Nowadays, MSC-based therapies are object of various clinical trials 1 (62), having a wide range of 

applications in many different diseases (63–65). In the last year, MSCs have also been proposed as 

potential therapy to counteract acute lung injury and to inhibit the cell-mediated inflammatory 

response in Coronavirus Disease 19 (COVID-19). To date (the 25th of April, 2021), seven registered 

clinical trials have been completed and involved MSCs of umbilical chord (ClinicalTrials.gov 

Identifiers: NCT04288102, NCT04573270, NCT04355728), adipose (NCT04522986), embryonic and 

induced pluripotent (NCT04535856), bone marrow (NCT04492501), and unspecified 

(NCT04713878) origin. Among the active or recruiting trials, the most proposed MSCs are autogenic 

(NCT04428801) or allogenic adipose (NCT04366323) and from umbilical cord (NCT04273646, 

NCT04457609), even though also dental pulp MSCs (NCT04302519), allogenic pooled olfactory 

mucosa-derived MSCs (NCT04382547), placenta-derived MSCs (NCT04461925), iPSC) and 

mesenchymoangioblast-derived MSCs have been proposed (NCT04537351). The administration 

route, when mentioned, is usually intravenous. Unfortunately, no results from the completed clinical 

trials have been reported yet, however the outcomes of some small trials have already been 

published (66–68). In general, the infusion of MSCs in COVID-19 patients resulted in less deaths 

than in placebo group, but the small sample sizes and various eligibility criteria make the 

interpretation of these results challenging.  

Regarding the approved cell therapies, seven of them have currently been approved by the European 

Medical Agency (EMA)2. These advanced therapy medicinal products are aimed to treat cancer (B-

cell lymphoma, acute lymphoblastic leukaemia, diffuse large B-cell lymphoma, high-risk blood 

cancer) and inflammatory or immune-related diseases (perianal fistulas in Crohn´s disease, cartilage 

 

1 https://stemcellsportal.com/stem-cells-translational-medicine-clinical-trials-portal 

2 https://www.ema.europa.eu/en/human-regulatory/marketing-authorisation/advanced-therapies/advanced-

therapy-classification/summaries-scientific-recommendations-classification-advanced-therapy-medicinal-

products 
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defects in the knee joint, adenosine deaminase severe combined immunodeficiency and severe 

limbal stem cell deficiency) (69). On the other side of the ocean, the American Food and Drug 

Administration (FDA) has approved fourteen advanced cell therapies 3, for the treatment of cancer 

(B-cell precursor acute lymphoblastic leukaemia, Incorporated B-cell lymphoma), inflammatory or 

immune-related diseases (full-thickness cartilage defects of the knee, wounds of the oral soft tissue 

defects, disorders affecting the hematopoietic system), and even for aesthetic purposes (severe 

nasolabial fold wrinkles in adults) (70). Cell therapies approved by EMA and FDA use autologous, 

allogeneic, or genetically engineered immune cells, adult somatic cells, or stem cells 

(haematopoietic cells or MSCs).  

Regardless of the type, starting materials for cell therapy need to be characterized; manufacturing 

processes must be reproducible, consistent, and must include well‐defined raw materials and 

methods under Good Manufacturing Practice (GMP). Additionally, appropriate characterization of 

cell products and quality control is necessary to guarantee safety or efficacy (71). Nevertheless, 

important risks may arise from the nature of the cells (tumorigenicity, immunogenicity), and others 

from the cell-implantation procedure (72). This makes the approval of cell-based advanced therapies 

tough and the number of currently approved cell-based advanced therapies incredibly smaller than 

the number of launched preclinical and clinical trials.  

THERAPEUTIC PROPERTIES OF MSCS 

In addition to differentiative and proliferative potential, aimed to support the tissues in vivo, MSCs 

can interact with a wide range of immune cells. In the past their efficacy as alternative therapy relied 

on their presumed trans-differentiation capacity. However, many in vitro and in vivo studies and, 

more recently, preclinical and clinical trials, have reported that the immunomodulatory and 

regenerative properties of MSCs, exerted in a paracrine fashion, are the key for the treatment of 

many diseases (31,33,73). This paracrine effect derives from the so-called “secretome”, that refers 

to all the soluble factors and extracellular vesicles that are secreted by MSCs (74). Nevertheless, the 

molecular and cellular mechanisms supporting the immunomodulatory potential of MSCs, as well 

as their effect on the immune system after their administration are still under investigation (75).   

 

3 https://www.fda.gov/vaccines-blood-biologics/cellular-gene-therapy-products/approved-cellular-and-gene-

therapy-products 
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In vivo, MSCs immunoregulatory responses depend on the local conditions of the environment in 

which they reside (73,76). In vitro, MSCs harvested from different tissues and under different culture 

conditions show dissimilar phenotypes and have a unique cytokine secretion signature (75). Even 

though a plethora of inconsistent results can be found in the literature, a general profile of MSC 

potential can be portrayed.  

EFFECT OF MSCS ON THE IMMUNE SYSTEM  

MSCs have been demonstrated to effectively modulate adaptive immune system (by acting on T 

lymphocytes and B lymphocytes) and innate immune system (by acting on natural killer cells, 

dendritic cells, monocytes, macrophages, and neutrophils) (73,77).   

MSCs immunomodulatory effect on immune cells has been mostly attributed to soluble factors 

secretion, however new pieces of evidence are suggesting that also cell-cell interactions play an 

important role in MSC-mediated immunomodulation.  

MSCs interact with immune cell types through the secretion of anti-inflammatory and pro-

inflammatory factors. Among the factors secreted by MSCs, there are cytokines, chemokines and 

prostaglandins. To cite some examples, Transforming Growth Factor Beta (TGFB) and Interleukin 6 

(IL6) are involved in the direct induction of regulatory T cells, regulatory macrophages, and regulatory 

B cells, enhancing their immunosuppressive effects. Interleukin 8 (IL8), Chemokine (C-C Motif) 

Ligand (CCL) 2 and CCL8 are chemokines secreted by MSCs to attract immune cells. In particular, 

IL8 is a neutrophil chemo-attractant chemokine, while CCL2 attracts monocytes. Chemokine 

secretion is aimed, in some cases, to attract reactive immune cells to enhance, for instance, their 

immunosuppressive actions. In other cases, MSCs use chemokines to attract immune activated 

cells and keeping them at a distance that is close enough to inhibit their function (73,76). 

Prostaglandin E2 (PGE2) is used by MSCs to reprogramme macrophages into anti-inflammatory 

cells and to shift T Helper cell (Th) responses from type 1/type 17 responses to type 2 responses 

(73,76).  

Regarding cell-cell interaction between MSCs and immune cells, it occurs through surface proteins, 

as the co-stimulatory CD40; the co-inhibitory programmed death ligand 1 (PDL1) and Fas ligand 

(FasL); and some adhesion molecules, like Intercellular Adhesion Molecule 1 (ICAM1) and Vascular 

Cell Adhesion Molecule 1 (VCAM1), that are expressed by MSCs to interact with activated immune 

cells (73,76). 
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MSCs are also involved in the control of metabolic pathways. To cite some examples, the enzyme 

indoleamine 2,3-dioxygenase (IDO) is used by human MSCs to metabolise L-tryptophan to L-

kynurenine. When L-tryptophan is depleted from the milieu and high levels of L-kynurenine can be 

detected, lymphocyte proliferation is suppressed. Moreover, MSCs constitutively express ecto-5′-

nucleotidase (CD73) that acts with CD39 on regulatory T cells to catabolize ATP to adenosine. In 

this way, the immune-activating effect of ATP is replaced by the immune-inhibiting effect of 

adenosine (73,76). 

EFFECT OF MESENCHYMAL STEM CELLS ON T LYMPHOCYTES 

MSCs can modulate adaptive immune system by acting on T cell activation, proliferation, and 

differentiation. During immune responses, an antigen is presented on the surface of an antigen-

presenting cell, in the context of a major histocompatibility complex (MHC) molecule. This complex 

is recognised by the T cell receptor and, at the same time, CD28 on the T cell interacts with CD80 or 

CD86 on the antigen-presenting cell. These co-stimulatory signals, summed together, adequately 

activate T lymphocytes and, subsequently, induce their proliferation (77).  

In this framework, MSCs have been reported to suppress both naïve and memory T lymphocyte 

activation and proliferation. MSCs directly produce soluble factors or trigger other cells to release 

factors aimed to inhibit T lymphocyte activity. Among these factors, there are TGF-β, hepatocyte 

growth factor (HGF), PGE2, IDO, human leukocyte antigen G (HLA-G) protein, IL10, galectins, and PD-

L1, among others (32).  

MSCs effect on T cell activation has been demonstrated by the fact that, during their activation, T 

lymphocytes express and secrete molecules like CD38, CD25, CD69, IL-2, HLA-DR, Cytotoxic T-

Lymphocyte Associated Protein 4 (CTLA4), IFNγ, and TNFα. By using T cells activators like 

phytohemagglutinin, anti-CD3/CD28 or antibodies in presence of MSCs, it was demonstrated that 

the expression of the early activation markers CD25, CD69, and CD38 and IFNγ were decreased in 

CD4+ and CD8+ T cell, populations (77).  

Regarding T lymphocyte proliferation (CD4+ and CD8+ subsets), MSCs have been demonstrated a 

suppressive activity in a dose-dependent manner (77–80). The inhibitory activity of MSCs towards 

the proliferation of CD4+ and CD8+ T cells seems to be mediated by Galectin 1. Moreover, T 

lymphocyte apoptosis was reported to be induced by MSCs via the secretion of PD-L1 (75). 

MSCs interfere also with T cells differentiation, regulating the balance of inflammatory T lymphocyte 

sub-populations and their production of cytokines. After T cells clonal expansion, helper T cells CD4+ 
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(Th0) can differentiate into Th1, Th2, Th17, or regulatory T cell (Tregs) population. Then, depending 

on the T-cell microenvironment, each population secrete some cytokines to carry out their intrinsic 

function in the inflammation milieu (77). MSCs have been demonstrated to drive naïve T cells 

(CD45RA+) differentiation towards Th1 or Th2 lineage. Indeed, MSCs can inhibit IFNγ secretion by 

Th1 cells and stimulating Interleukin 4 (IL4) secretion by Th2 cells via IDO secretion. A shift from 

Th1 to Th2 cells, so from the pro-inflammatory to the anti-inflammatory phenotype, respectively, was 

shown to be induced by MSCs, altering the secreted cytokine secretion, as well (75,77). Also naïve 

CD4+ lymphocyte differentiation towards Th17 can be prevented by MSCs, that inhibit the production 

of the pro-inflammatory cytokines Interleukin 17 (IL17), Interleukin 22 (IL22), IFNγ, and TNFα (77).  

Last but not least, MSCs have an active role in formation and maintenance of distinct Tregs 

populations, involved in autoimmunity prevention. It has been widely demonstrated that allogeneic 

MSCs promote an increase in CD4+CD25+CTLA-4+ Foxp3+ Tregs populations from CD4+ or CD8+ 

cells, CD3+, CD3+CD45RO+, or CD3+CD45RA+ T lymphocyte populations  (33,77). The induction of 

CD4+CD25+FoxP3+ Tregs was shown to be a key process for tolerance induction in a kidney 

allograft transplantation model (75).  

In addition, clinical studies demonstrated an increase of CD4+CD25+Foxp3+ and Treg1 populations 

and a decrease of Th17+ induced by MSCs in patients with Graft-Versus-Host Disease (GvHD) and 

systemic lupus erythematous (33,77).  

EFFECT OF MESENCHYMAL STEM CELLS ON B LYMPHOCYTES 

B lymphocytes, belonging to the adaptive immune response, are responsible for humoral immunity. 

When stimulated by antigens, they produce and secrete antibodies and, in addition, they are involved 

in antigen presentation and cytokine production (77,81). Different studies have demonstrated that 

MSCs can trigger a suppression of B cell proliferation, the inhibition of plasma cell differentiation, 

as well as immunoglobulin (Ig) production and regulatory B cells proliferation. This inhibitory effect 

can be directly exerted by MSCs via soluble factors and cell–cell contact, or through the 

intermediation of other immune cells, such as T cells.  

First, MSCs revealed a suppressive activity on B lymphocyte proliferation, which seemed to be more 

effective after IFNγ or TNFα pre-conditioning and mediated by T-cells and Galectin 9 (77,81).  

On one hand, the inhibition of B lymphocyte differentiation was reported and attributed to the 

secretion of IL1-RA by MSCs or IFNγ by T cells and, in T-cell absence, by IFNγ-preconditioned cells 

(75). On the other hand, MSCs have been demonstrated to enhance the differentiation of B cells 

towards IL10-producing regulatory B cells, involved in immunological tolerance. This stimulatory 
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effect seems to be dependent on cell-cell contact and to induce an indirect T cell-immunomodulation 

by converting effector CD4+ T cells into Foxp3+ Tregs (75).  

MSCs were demonstrated to trigger alterations in the chemotactic properties of B cells by 

downregulating the chemokine receptors C-X-C Chemokine Receptor Type 4 (CXCR4), C-X-C 

Chemokine Receptor Type 5 (CXCR5), and C-C Chemokine Receptor Type 7 (CCR7) and 

immunoglobulins IgM, IgG, and IgA (77,81).  

Despite most of the studies indicate an inhibitory effect of MSCs on B lymphocytes, contradictory 

results suggest that further clarifying studies are required (81). 

EFFECT OF MESENCHYMAL STEM CELLS ON MONOCYTES 

Monocytes are precursors for macrophages and dendritic cells in vitro and can be divided into 

different subsets based on CD14 and CD16 expression. Bone Marrow Mesenchymal Stem/Stromal 

Cells (BM-MSCs), promote the recruitment of monocytes and macrophages into inflamed tissues to 

support wound repair through chemokine ligands CCL2, CCL3, and CCL12 secretion. Moreover, 

MSCs secrete HGF in order to act on peripheral blood derived CD14+ monocytes, thus modulating T 

cell function and to induce splenic CD14+ monocytes expansion before becoming adherent 

macrophages (82). HGF and IL6 production of MSCs induce the formation of IL10-secreting anti-

inflammatory monocytes, with decreased TNFα, IL12p70, and IL17 expression. IL10-producting 

monocytes are characterized by high levels of CD11b, CD45R, and MHC II and can inhibit the activity 

of T lymphocytes and preventing monocyte differentiation into dendritic cells (75). 

EFFECT OF MESENCHYMAL STEM CELLS ON MACROPHAGES 

Macrophages are involved in phagocytise apoptotic cells and pathogens and interact with activated 

T and B lymphocytes in the development of acquired immunity. Likewise, they produce immune 

effector molecules, contributing to host protection and to the pathogenesis of inflammatory and 

degenerative diseases (83–85). Macrophage differentiation from monocytes can generate two 

different phenotypes. On one side, the pro-inflammatory classically activated M1 macrophages, with 

antimicrobial activity and secreting IFNγ and TNFα. On the other side, the anti-inflammatory 

alternatively-activated M2 macrophages, with important roles in tissue regeneration and secreting 

high levels of IL10 and TGFβ1 and low levels of IL1, IL6, IFNγ and TNFα (82–84,86). 

In the presence of a pro-inflammatory environment, MSCs contribute to maintain tissue homeostasis 

and to reduce inflammation by inducing either the direct differentiation of monocytes towards M2 

macrophages or triggering the switch between M1 and M2 macrophages (82,86,87). Monocyte 

differentiation towards M2 macrophages can be regulated by cell-cell contact or PGE2, IDO, IL6, or 
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IL10 release by MSCs (82,86,87). MSCs can also trigger macrophage polarisation from M1 to M2 

phenotype through PGE2, IL6, IL1 receptor antagonist (IL1RA), and granulocyte macrophage-colony 

stimulating factor (GM-CSF) (88).  

Macrophages co-cultured with MSCs showed a CD206+ immunophenotype, producing high levels 

of the anti-inflammatory IL10 and IL6, and a higher level of phagocytic activity. Low levels of the pro-

inflammatory IL12 and TNFα were also reported (89,90). These MSC-induced macrophages also 

demonstrated an increased proliferation and migration ability (91), showing a potential significant 

role in tissue repair.  

MSC action on macrophages can further be aided by activated T cells. The latter, secreting pro-

inflammatory cytokines, as IFNγ and TNFα, triggers COX2 and IDO production by MSCs, hence 

inducing macrophage polarisation. M2 macrophage polarization by MSCs has been coupled with 

FoxP3+ Tregs induction from CD4+ T cells. In short, it has been demonstrated that Tregs induction 

was due to the constitutive secretion of TGFB1 by MSCs, along with CCL18 produced by M2 

polarized macrophages (82,86). 

EFFECT OF MESENCHYMAL STEM CELLS ON DENDRITIC CELLS 

Dendritic cells are antigen presenting cells also involved in self-tolerance (32,77,92). Dendritic cells 

differentiate from BM-CD34+ cells in vivo and from monocytes in vitro. It has been reported that 

MSCs can interfere with dendritic cell differentiation, maturation, and function (31). MSCs can inhibit 

monocyte differentiation into dendritic cells through the secretion of factors like PGE2. As a result, 

CD1a, CD40, CD80, CD86, and MHC expression in dendritic cells is reduced (32,77). Furthermore, 

monocytes exposed to maturation factors, such as TNFα or lipopolysaccharide, and in presence of 

MSCs, differentiate into immature dendritic cells with lower levels of CD83, CD80, and CD86 (93) and 

incapable of activating T cells (77). Instead, mature dendritic cells co-cultured with MSCs result to 

be pushed toward an immature state, with reduced expression of HLA-DR, CD1a, CD80, and CD86 

and altered TNFα, IL10 and IL12 secretion (75,77,94). 

EFFECT OF MESENCHYMAL STEM CELLS ON NATURAL KILLER (NK) CELLS 

NK cells are effectors of innate immunity that act against cancer, infections and MHC class I 

negative cells. NK cytotoxic potential, can be either spontaneous or antibody-dependent (31). MSCs 

express low levels of MHC class I and present activator ligands for NKs on their surface, being so 

potentially susceptible to be killed by NK cells. If some authors have stated that MSCs are completely 

vulnerable to NK-mediated killing, other authors have evidenced MSC resistance (77). Various 
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theories have been proposed, but it seems that the balance between NK activating and inhibitory 

signals and protecting factors released by other immune cells may diminish NK cytotoxicity and 

protecting MSC from being killed by NKs (95). For instance, IFNγ-primed MSCs are protected by NK 

cytotoxicity via MHC I up-regulation (32). 

Nonetheless, MSCs have been shown to change NK cell phenotype and to inhibit their proliferation, 

cytotoxic potential, and cytokine secretion through mediators like IDO, PGE2, IL6, TGF-β1, and nitric 

oxide (31,32,75,77).  

EFFECT OF MESENCHYMAL STEM CELLS ON NEUTROPHILS, COMPLEMENT, AND MAST CELLS 

MSCs immunomodulatory effect is exerted also by recruiting neutrophils, promoting their survival, 

and enhancing their phagocytic and burst activity. This activity is mediated by the secretion by MSCs 

of cytokines and chemokines as IL6, IL8, GM-CSF, Macrophage Migration Inhibitory Factor (MIF), 

and IFNγ in response to inflammatory stimuli (82). 

Regarding complement system, the components C3a and C5a were demonstrated to act as 

chemotactic agents to lead MSCs towards the site of inflammation and then to induce MSCs 

proliferation, while inhibiting apoptosis (82). MSCs, in turn, are thought to induce complement 

activation through all three complement pathways (classical, lectin or alternative), but an inhibiting 

role has also been investigated (82). On one side, MSCs partially protect themselves from 

complement activation through the surface inhibitory proteins CD46, CD55, and CD59 (82). On the 

other hand, MSCs, especially in presence of TNFα and IFNγ, inhibit complement activation by 

producing factor H (96).  

Mast cells are part of innate immunity involved in allergic inflammation and autoimmunity. MSCs 

from bone marrow can interact with histamine, produced by mast cells, through specific receptors. 

As a result, MSCs produce IL6, that, in turn,  prevents neutrophils apoptosis and increase superoxide 

production in phagocytic cells (82). 

EFFECT OF MSCS ON TISSUE REPAIR 

Besides their effect on immune system, MSCs are also involved in tissue regeneration. MSCs exert 

their effect on regenerative processes through paracrine signalling involving not only growth factors 

and cytokines, but also extracellular matrix components, extracellular vesicles, and organelles (97). 

It has been demonstrated that chemoattractant gradients attract MSCs towards injury sites. After 

migration, MSCs overexpress intercellular adhesion molecules and engraft in the damaged tissue, 
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modulating the activity of the cells residing in the microenvironment they encounter via paracrine 

communication (98). Among the tissue regeneration processes influenced by MSCs, cell migration, 

proliferation, differentiation, angiogenesis, and extracellular matrix formation have been proposed 

(99). 

Tissue regeneration is induced by MSCs primarily through secretion of trophic factors that promote 

cell survival. Among these growth factors, HGF, epithelial growth factor (EGF), nerve growth factor 

(NGF), stromal derived factor-1 (SDF1), tissue angiogenesis vascular endothelial growth factor 

(VEGF), transforming growth factor-alpha (TGFα), and insulin-like growth factor (IGF1), can be 

mentioned (98).  

Although cytokine secretion by MSCs is especially related to their immunomodulatory capacity, it 

has also been related to tissue regeneration. For instance, MSCs were associated to a reduction 

fibrotic injury through IL6 secretion leading to STAT3 inactivation in renal tubulointerstitial fibrosis 

and acute kidney injury model (98). MSCs were also considered to be accountable for inducing the 

restoration of the stem cell pool in damaged intestinal crypt by secreting IL11 (97). In contrast, 

secretion of immunosuppression mediators like PGE2, COX2, and IDO by MSCs counteract tissue 

impairment caused by exacerbate effect production of proinflammatory cytokines in the injured area 

(97).  

MSCs were also shown to secrete microRNAs (miRNAs) with the capacity of regulating the platelet-

derived growth factor (PDGF), WNT, and TGFβ signalling pathways, preventing the depletion of the 

stem cell pool in damaged tissues. Moreover, some miRNAs were demonstrated to reduce fibrosis 

and formation of myofibroblasts (97).  

DRAWBACKS OF MSC-BASED THERAPIES 

MSCs have been, and still are, considered “off-the-shelf” products. They are low immunogenic and 

are considered “immune privileged”, expressing low levels of surface HLA-I, no HLA-II, and no 

costimulatory molecules CD40, CD80, and CD86, under standard culture conditions (100). The 

transcriptional and synthesis levels of these markers were demonstrated to be increased by 

inflammatory stimuli, such as IFNγ. Nonetheless, it was also reported that surface HLA-I undergoes 

a clathrin-independent dynamin-dependent endocytosis, so reducing the potential MSC 

immunogenicity (100). Moreover, MSC-based therapies showed, in most cases, no tumorigenic and 

teratogenic potential and no serious adverse effects in the short term (101). Notwithstanding, MSC-

based therapies have shown in several instances lack of efficacy, immunogenicity, and side effects. 
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Allogenic MSCs were reported to induce immune cell responses and being targets of the immune 

system, triggering a mechanism of rejection. In vitro and in vivo assays showed allogenic MSCs lysis 

by CD8+ T cells, by activated Natural Killer (NK) cells, or the induction of antibody responses 

(33,73,76). Additionally, MSC-based therapies have often been considered responsible of various 

side effects, such as fibrosis of the interstitial renal tissue, atrophy of the renal tubules, thrombus 

formation, pulmonary embolism (101), bacterial, viral, and fungal infections, interstitial pneumonia, 

and arrhythmia (102). Additionally, animal models revealed that MSCs may promote tumour growth 

and metastasis. The factors affecting potential tumorigenesis may be related to the MSC donor 

(age), the host (immunosuppression) or the MSC themselves (culture conditions, dose, cell 

heterogeneity), but a clear comprehension is still missing (101).  

It is worth mentioning that the findings on MSC regenerative potential thrilled researchers from the 

moment they were discovered. This enthusiasm resulted in thousands of registered clinical trials, 

but very few cell therapies have been approved by the relevant authorities. Unfortunately, scientists 

have exaggerated MSC real potential over time, and some physicians and mass media exploited it 

for their own economic interests. As a consequence, many unproven stem cell interventions have 

been performed on human patients without the appropriate validation and authorisation by the 

authorities (103). In other cases, the authors of unproven cell therapies were able to trick the 

authorities, as in the famous Italian case called “Stamina method” (104). Luckily, it seems that this 

“method”, based on bone marrow-derived MSCs, did not produce any adverse effect on the recruited 

patients, nearly all children with degenerative diseases, but no improvements were recorded (105). 

In worse cases, unvalidated cell therapies led to a variety of adverse effects, as infections, brain and 

spinal cord lesions, severe vision loss, pulmonary embolism, cardiac arrest, and death (103).  

It is true that, from a technical perspective, obtaining safe and effective MSC-based therapies is still 

challenging. The first obstacle researchers must overcome is getting enough cells. However, long-

term in vitro cultures of MSCs can cause a decrease in telomerase activity and induce morphological 

changes, genetic instability and chromosomal aberrations that may lead to malignant 

transformation (101). The second obstacle is finding the most appropriate administration route for 

MSCs. The systemic intravenous (IV) infusion is the most used and feasible cell administration in 

experimental and clinical trials. Nevertheless, most of the infused cells remain trapped in the lungs 

without reaching the area of injury (106) and show low engraftment and short viability (107). This 

happens with other systemic administration routes, as well, such as the intraperitoneal  (108), and 

the intra-arterial (109). Hence, topical administration routes have been proposed, as the 

intraventricular (109), intracoronary, transendocardial, intramyocardial (110), intrapericardial (111), 
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intracranial, intracerebral, and subcutaneous (108). Unfortunately, more biodistribution and tracking 

studies are required to clarify which is the best delivery method depending on the condition that 

needs to be treated. For the above-mentioned issues and taking into consideration that MSCs 

therapeutic potential resides in the paracrine mediators they release, extracellular vesicle-based 

therapies are now in the cross hairs.   
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EXTRACELLULAR VESICLES  

It has been widely demonstrated that MSCs exert their therapeutic potential through the paracrine 

secretion of growth factors, chemokines, and cytokines, among other proteins, as well as mRNAs, 

and miRNAs (112). It is likely that these factors are almost exclusively carried by extracellular 

vesicles (EVs) released by MSCs as paracrine mediators. It has been shown by numerous studies 

that EVs from MSCs have a direct role in several events, such as immunomodulation processes, 

wound healing, apoptosis inhibition, and angiogenesis promotion, among others. These properties 

are exerted by the molecular cargo of EVs, that can strictly depend on the source cells (113).  

GENERAL CHARACTERISTICS OF EXTRACELLULAR VESICLES 

Extracellular vesicles (EVs) are lipid bilayer-enclosed particles released by cells, in the extracellular 

space (114). According to their size, biogenesis, release, content, and function, EVs are grouped into 

three subtypes: exosomes, microvesicles and apoptotic bodies (115).  

Exosomes (30–150 nm in diameter) form by multivesicular bodies arising, in turn, from early 

endosomes. As for microvesicles and apoptotic bodies, they are identified by the presence of the 

tetraspanin markers CD63, CD9 and CD81. Exosomes also present the specific markers Alix, 

TSG101, HSC70, and HSP90β (115).  

Microvesicles (50-1000 nm) form by plasma membrane budding and cleavage. Besides having 

tetraspanins as common EV markers, microvesicles are also identified by the presence of annexin 

A1, annexin V, CD40, selectins, flotillin-2, and integrins (114).  

Apoptotic bodies (50-5000 nm) are released by dying cells as blebs. Their markers are 

phosphatidylserine, histones, C3b, TSP, and annexin V (114). Apoptotic bodies are a mere result of 

cell disassembly, however, their role in paracrine signalling, is under investigation (116).  

Under physiologic conditions or under stress, a variety of cells produce vesicles with an active cargo 

that depends on their cell source and on the microenvironment where they reside (117). It is known 

that EV cargo, so their function, substantially changes under different stimuli, as thermal and 

oxidative stress, hypoxia, serum starvation, acidic conditions, ultraviolet light, irradiation, 

inflammation, senescence, and cell death (113,114). Nucleic acids, sugars, lipids, lipid mediators, 
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and proteins, including cytokines, chemokines, lipid metabolism enzymes, and transmembrane 

proteins have been found to be enclosed in EVs. Packed EVs are then released in the extracellular 

space, where they act as short- and long-distance mediators of cell–cell communication. To exert 

their effect, they are recognised and bound by specific membrane receptors on the target cells, and 

EV cargo is directly delivered by internalization. Once the “message” has been delivered, a multitude 

of outcomes can be expected, ranging from the regulation of immune responses, to angiogenesis, 

lymphogenesis, cell maintenance, differentiation, migration, proliferation, and tumour progression 

(114,115).  

ISOLATION AND CHARACTERISATION OF EVS 

After their first discovery in 1981 (118), EVs have been successfully isolated from body fluids (115), 

cell culture-conditioned media, and dissociated tissues (114). For EV isolation, differential 

centrifugation, polymer-based precipitation, and techniques based on size exclusion, immunoaffinity 

capture, and microfluidics have been commonly used (113,115). Once isolated, particle size and 

concentration of EVs have been measured with different techniques, such as nanoparticle tracking 

analysis, electron microscopy, and dynamic light scattering. Finally, to characterise EV composition 

and content, various approaches, like flow cytometry, western blotting, and proteomics have been 

documented (115).  

In order to standardise the big variability and complexity of future findings, the International Society 

for Extracellular Vesicles published a position statement on the “Minimal information for studies of 

extracellular vesicles” (MISEV) in 2014 (119), followed by an update in 2018 (120). According to the 

MISEV 2018, forthcoming studies involving EVs should be take into consideration that:  

• “Extracellular vesicle” (EV) should be used to describe the lipid bilayer-enclosed particles 

without functional nucleus that are naturally released from cells. Information about their size, 

density, biochemical composition, and cell of origin should be specified;  

• A complete description of cell culture and harvesting conditions, or of the biological fluid and 

its donor, plus information about the starting sample or the isolated EVs should be provided 

to allow reproducibility;  

• EV separation (also called “purification” or “isolation”) can be performed with all those 

techniques that guarantee a complete separation of all EVs from all the other components 

of the starting sample, or of one type of EVs from the other types; EV concentration 
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(sometimes called “enrichment”) can be performed with techniques that increase EV 

presence in a smaller volume of the starting sample, without requiring EV separation; 

• Quantification of particle number, total protein, lipids, or RNA amount can be performed, but 

it is not representative of the total quantity of EVs in the sample;  

• EV presence should be justified by identifying membrane proteins, as tetraspanins, MHC 

class I, and integrins, or cytosolic proteins with membrane-binding ability, as ALIX, or 

annexins;  

• EV purity needs to be justified by quantifying lipoproteins and protein/nucleic acid 

aggregates in the sample;  

• EV characterization should be performed with a combination of optical and 

biophysical/biochemical techniques;  

• EV separation is required to perform functional tests, that should always be performed to 

demonstrate EV biological functions.  

CLINICAL APPLICATIONS 

Research is particularly focused on the study of EVs as disease biomarkers, since their cargo is 

strongly influenced by the cells from which they are produced and released. Among the advantages 

of using EV cargo as biomarker, there is the fact that it is protected by a lipid bilayer and less prone 

to undergoing enzymatic and hydrolytic degradation. Additionally, EVs can be easily retrieved from 

body fluids, providing so a non-invasive diagnostic method in the clinical setting. Promising 

biomarkers have been found in EVs from various diseases, as acute kidney injury, glioblastoma, 

vascular damage, Parkinson’s disease, type II diabetes, ovarian, breast, pancreatic, and lung cancer 

(114,115).  

Given that EVs carry a cargo that reflects their parent cells it has been evidenced several times that 

EVs released by MSCs may be used as a safer therapeutic alternative for MSC-based therapy. As a 

matter of facts, EVs-based therapies exclude most of the drawbacks related to MSCs, as 

immunological reactions, tumourigenicity, teratogenicity, and short half-life (114). For this reason, 

EVs from various cell types have been, and still are, under investigation to completely decipher their 

therapeutic potential. For instance, EVs from umbilical cord stem cells (114), neural stem cells, 

immune cells (121), amniotic epithelial cells (122,123), endothelial progenitor cells (124), MSCs 

(125), cardiomyocyte progenitor cells (125), and embryonic stem cells (126) produced numerous 
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effects, as tissue regeneration, reduction of apoptosis, fibrosis, inflammation, promotion of 

neovascularization, immunomodulation, suppression of hyperproliferative pathways, migration of 

endothelial cells, reduction of infarct size, recovery of cardiac functions, and maintenance of 

pluripotency (114,121–126). Hence, EVs have been proposed for the treatment of various diseases, 

such as myocardial infarction (114), ischemic stroke, atherosclerosis (121), liver and pulmonary 

fibrosis (122,123), ischemia-reperfusion injury (125), diabetes, tissue/organ damages, circulatory, 

kidney, and bone diseases (124), among others.  

Moreover, different techniques as electroporation, co-incubation, sonication, permeabilization with 

saponin, freeze-thaw cycles, and extrusion are being used to create EV-based drug-delivery systems 

(113). EVs loaded with drugs, proteins, miRNAs, short hairpin RNA (shRNAs), and Short interfering 

RNA (siRNAs) are being explored as alternatives for liposomes and polymer-based synthetic 

nanoparticles for the treatment of inflammatory, genetic diseases, cancer (113), and COVID-19 

(127). Other therapeutic strategies include the development of vaccines, including anticancer 

vaccines, with engineered or unmodified EVs, being known their involvement in antigen presentation 

(114,115).  

Last but not least, strategies to block biogenesis, release, up-taking and target cell response are now 

being investigated where EVs may be responsible of diseases, as cancer (114).  

At present, 222 clinical trials are listed in the official database of the U.S. National Library of 

Medicine4 under the terms “extracellular vesicle” (83), “microvesicle” or “microparticle” (115), and 

“exosome” (83). Most of these clinical trials are focused on the use of EVs as biomarkers to detect 

or monitor certain diseases after a treatment; nevertheless, only few clinical trials are focused on 

EVs themselves as a treatment. In the last year, MSCs-derived EVs have been proposed as potential 

therapy for COVID-19. To date (the 25th of April, 2021), the aerosol inhalation of exosomes from 

MSCs has been tested in two completed registered clinical trials (NCT04276987, NCT04491240) 

with still unpublished results. Additionally, the aerosol inhalation of MSC-derived exosomes is object 

of a recruiting trial (NCT04602442), as well as their intravenous delivery (NCT04798716) and the 

intramuscular injection of secretomes from hypoxia-primed MSCs (NCT04753476). 

 

4 www.clinicaltrials.gov 
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Numerous in vitro and in vivo studies are now demonstrating efficacy and safety of EVs, compared 

to MSCs, as a therapeutic and regenerative strategy for a variety of conditions, such as nerve tissue 

disorders (128), cancer (129), renal (130), autoimmune (131), degenerative disc (132), central 

nervous system (133), joint (134), and musculoskeletal diseases (135), ischemia–reperfusion (136), 

acute lung injuries (137), myocardial infarction (138), and other cardiovascular diseases (139).  

In light of the above, the use of EVs as therapeutic tools is promising, but further characterisation 

and in vivo and clinical studies should be performed. Moreover, EV-based therapies still need to be 

standardised to be approved by the regulatory agencies.  
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CHARACTERISATION OF ADULT STEM CELL- AND EXTRACELLULAR VESICLE-

BASED THERAPY AND APPLICATION IN ANIMAL MODELS 

Looking at the scientific literature about MSC- and EV-based therapies, most of the original articles 

recognize their effectiveness and their clinical potential. In contrast, systematic reviews and meta-

analyses strongly remark that there is a lack of standardization in in vitro studies, preclinical and 

clinical trials involving MSCs and EVs. These works have always revealed a great degree of variability 

in methodology (MSCs sources, MSC and EV isolation protocols, cell passage numbers, MSC and 

EV doses, administration), participants (small or large animal models with induced or spontaneous 

diseases), and assessment of the clinical outcome (timing and follow up). Under these 

circumstances, the application of MSC- and/or EV-based therapies to the clinical setting is still 

tough.  

In the light of the above, we decided to study three conditions whose therapeutic approach have not 

been optimized yet, being still cause of low quality of life, pain, and also death for patients in human 

and veterinary medicine. These three conditions and their therapeutic approaches are described in 

the following sections. 
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SECTION I: APPLICATION OF MSC- AND EV-BASED THERAPY ON HERNIA 

Hernias are protrusions of internal organs through weakened muscles and connective tissue for 

iatrogenic causes, trauma, or congenital defects (140,141). Surgeons use to repair hernia through 

open suturing and/or surgical mesh implantation through open surgery procedures or laparoscopic 

approaches. Surgical meshes are sterile, chemically, and physically inert prosthetic materials that 

guarantee the reinforcement of abdominal wall more effectively than suturing (142). Nevertheless, 

the implantation of surgical meshes often leads to complications, such as infection, adhesions, 

foreign body reaction, formation of scar tissues, postoperative pain, and hernia recurrence (143). In 

order to reduce the risk of these complications, new surgical techniques have been proposed (144), 

as well as a variety of materials and manufacturing processes to produce surgical meshes with 

different mechanical properties (143). Additionally, mesh coatings with antibiotics (145), bioactive 

compounds (146), and hydrogels (147) have been developed to protect the prosthesis from 

degradation, decrease post-surgical inflammation, minimize foreign body reaction, reduce the risk 

of infections, and decrease adhesions (140,145,146). In the last years, cell-based therapy has also 

been applied to mesh-aided hernia repair to improve the healing outcome of damaged tissues.  

When studying hernia repair and tissue reinforcement, biomechanically accurate abdominal wall 

models are still missing, so resorting to animal models is necessary (148). Models of incisional 

hernia have been described in mice, rats, rabbits, and pigs (149). The creation of an incisional hernia 

model just requires a laparotomy incision through the fascia of the midline linea alba and cutting the 

peritoneum sac below the fascial incision under anaesthesia (150).  Incisional hernia models are 

easy to perform with reproducible results, however large animal models with congenital hernias 

resemble more closely the clinical human condition. The incidence of abdominal and inguinal 

hernias for genetic causes (151) ranges from 1.7% to 6.7% in different swine breeds (152). This 

makes pigs with congenital hernia good candidates for hernia repair studies.  

Murine models offer some undoubtable advantages compared to larger animal models, especially 

concerning the availability of laboratory reagents and the lower costs (149). Nevertheless, pigs are 

clinically relevant animal models, being comparable to humans in terms of body mass, metabolism, 

organ sizes, omnivorous diets (153,154), gastrointestinal anatomy (155), and skin histology and 

anatomy (156–160). 

The application of cell therapy on surgical meshes for abdominal hernia repair has become an 

attractive tool to improve mesh biocompatibility and reduce foreign-body reaction. Effectiveness 
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and safety of differentiated cells or MSCs on surgical meshes for hernia treatment have been 

assessed in a variety of in vitro and preclinical studies (161). Unfortunately, current studies are too 

heterogeneous and hard to compare to understand benefits and drawbacks of the combination of 

surgical meshes and cell therapy (Figure 2).   

 

 

Figure 2. Benefits and drawbacks of the implantation of surgical meshes without any modification 

(uncoated mesh) or combined with stem cell therapy (cell-coated meshes). Figure from Marinaro et 

al., 2019 (161). 
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SECTION II: APPLICATION OF MSC- AND EV-BASED THERAPY ON MYOCARDIAL 

INFARCTION 

Acute myocardial infarction (AMI) is a major cause of death and disability worldwide (Figure 3). It 

results from the occlusion of a coronary artery and the subsequent myocardial ischemia. The 

generated ischemia leads to cell death, triggering a strong inflammatory process involving immune 

cells and soluble mediators that finally results in scar formation (162). The treatment of choice for 

reducing acute myocardial ischemic injury and limiting infarct size is an early and effective 

myocardial reperfusion. Myocardial reperfusion is performed using thrombolytic therapy or primary 

percutaneous coronary intervention, together with the administration of aspirin, antiplatelet and 

antithrombotic agents. Unfortunately, the process of reperfusion can trigger a myocardial 

reperfusion injury, where cardiomyocyte undergo cell death (163,164).  

 

Figure 3. Chart representing the number of deaths worldwide by cause in 2017. As it can be seen, 

cardiovascular diseases represent the first cause of death, corresponding to 31.8% of the total 

number of deaths in 2017. Data from the Global Burden of Disease Study 2017 (165) and chart from 

Our World in Data (https://ourworldindata.org/causes-of-death#what-do-people-die-from). 
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No therapy exists for myocardial reperfusion injury yet, but it can be prevented or reduced by 

therapeutic targeting of oxidative stress, calcium overload, pH correction, and inflammation (163). 

Nowadays, a variety of anti-inflammatory therapies are under evaluation (166). Among them, 

autologous and allogenic progenitor cells administered post-infarction have been proposed to 

modulate an adverse and unbalanced inflammation (167,168) and to promote tissue regeneration 

(164). At present, their real effectiveness and biological mechanisms are still unclear (164). 

The biological mechanisms involved in cardiovascular disorders and the evaluation of safety 

aspects and efficacy of novel therapies for AMI need to be tested in clinically relevant large animal 

models. The porcine model is similar to humans in terms of anatomy, physiology and biochemical 

parameters (169). Moreover, anatomy, cardiomyocyte metabolism, electrophysiological properties 

and response to an ischemic insult of the porcine heart are quite comparable to the human one 

(170).  

The closed-chest model of myocardial infarction has been widely described as an approach to 

simulate human AMI in pigs (171). The best protocol, in terms of similarity with human AMI, involves 

the standardized endovascular model of 90 min balloon occlusion (172). For the follow-up of the 

porcine AMI model, electrocardiography, echocardiography, cardiac magnetic resonance, and the 

detection of cardiac enzymes (173) in plasma are usually performed. Histological staining, such as 

tetrazolium chloride, can be used for an anatomopathological analysis post-mortem (174). 

Cell-based therapies delivered by intrapericardial administration (111) have been presented as a 

promising therapeutic option for myocardial regeneration for a long time (175). Notably, 

cardiosphere-derived cells have emerged as a promising cell type to promote cardiac 

immunomodulation and repair (39). However, the administration of MSCs has also shown many 

contradictory results in terms of beneficial effects on myocardial infarction (176). Given that MSC 

beneficial effect on target tissues is due to their paracrine communication, the intrapericardial 

injection of EVs from MSCs may be a valid alternative option to MSC administration.  

To understand the mechanisms underlying EV effect on target cells, omic technologies, as 

transcriptomics and proteomics, coupled to system biology approaches, are particularly useful. 

These technologies help to make predictions faster than traditional in vitro assays, so they should 

be carefully used to avoid conceptual mistakes at the root of unsuccessful preclinical trials.  
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SECTION III: APPLICATION OF MSC- AND EV-BASED THERAPY ON ASSISTED 

REPRODUCTION TECHNOLOGIES 

Infertility affects almost 200 million people worldwide (177). It has been estimated that in 2017 the 

global age-standardized prevalence rate of female infertility increased by 14.96% since 1990, while 

the corresponding rate of male infertility increased by 8.22% (178) (Figure 4). Infertility can be due to 

disease, iatrogenic or unexplained causes (179), or advanced maternal age (180). Delayed 

motherhood is often linked to poor ovarian function, due to a decrease in the number of follicles, 

oocyte aneuploidy and a decrease in endometrial receptivity (181). 

 

Figure 4. Estimated prevalence of male and female infertility (per 100 000 population). Data and 

plots from the Global Burden of Disease Compare application (Institute for Health Metrics and 

Evaluation, University of Washington, https://www.thelancet.com/lancet/visualisations/gbd-

compare).  

 

Assisted reproductive technologies (ARTs) have become routine treatments for infertile couples. 

However, ARTs are still characterized by low fertilization, implantation and pregnancy rates (182), 

due to chromosomal abnormalities in gametes and embryos, defective endometrium, 

immunological factors (183), or oxidative stress (184), among others. Special attention has been 
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focused on supplements of in vitro fertilization or embryo culture media to support the embryo-

maternal cross-talk and to reduce the excess of reactive oxygen species (185,186).  

MSCs and EVs may represent valid co-adjutants in in vitro fertilisation (IVF) and embryo culture 

media. MSCs from different sources have already been explored to induce the differentiation and 

expansion of male and female germ cells (187). Moreover, results in animal models suggest that 

MSCs play a role in the treatment of male and female infertility, restoring spermatogenesis, 

suppressing the antisperm antibody, reducing germ cell apoptosis, improving folliculogenesis, and 

enhancing ovarian function (187). MSCs were also related to improvements in oocyte yield and in 

vitro embryo production (188) and to contribute to the regeneration of damaged endometrium (189). 

Regarding the use of EVs from different sources to improve ART results, they were related to a better 

quality of cryopreserved sperms (187), to higher efficiency in oocyte in vitro maturation, enhanced 

blastocyst rates, decreased global DNA methylation and hydroxymethylation levels, better 

blastocyst quality and embryo hatching (190).  

Menstrual blood is a particularly promising source of MSCs from the endometrium (endMSCs). 

endMSCs and their EVs are strictly involved in embryo-maternal interactions (191) and in endometrial 

receptivity (192), moreover they are both well-known for their regenerative potential and to play an 

important role in immunomodulatory processes (193). During embryo implantation in the uterus, the 

maternal immune system is completely altered to prevent the rejection of the blastocyst (194). 

Hence, it may be hypothesized that endMSCs and their EVs are particularly promising for ART 

improvement.  

The definition of pros and cons of the use of endMSCs and their EVs in reproduction has not been 

defined yet and the use of animal models is necessary. Mice represent the most used animal model 

for research in reproduction. Even though their use for studying human pregnancy and placentation 

has been criticised in the last years (195), mice are optimal for genetic manipulations and are time- 

and cost-effective (196). Preclinical studies, coupled to omic technologies and system biology 

approaches may finally clarify if cell- and EV-based therapies may help to overcome the lasting 

trauma of infertility. 
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AIM OF THE THESIS 

Altogether, the main aim of this PhD project is the application of adult stem cell- and extracellular 

vesicle-based therapies on the three medical conditions described in Section I, II, and III. The 

methodological tools are based on in vitro and in vivo assays using omic technologies. Moreover, 

animal models of disease will help to elucidate benefits and burdens of advanced therapies. Three 

main aims have been established:  

1. Combination of mesenchymal stem cells and derived extracellular vesicles with surgical 

materials: safety and mechanisms of action using animal models. 

a. Fibrin glue mesh fixation combined with mesenchymal stem cells or exosomes 

modulates the inflammatory reaction in a murine model of incisional hernia 

b. Laparoscopy for the treatment of congenital hernia: use of surgical meshes and 

mesenchymal stem cells in a clinically relevant animal model  

c. Meshes in a mess: mesenchymal stem cell-based therapies for soft tissue 

reinforcement 

2. Application of extracellular vesicles derived from mesenchymal stem cells in ischemic 

events: biomarkers in myocardial infarction and immunomodulatory effects of extracellular 

vesicles. 

a. Altered hematological, biochemical and immunological parameters as predictive 

biomarkers of severity in experimental myocardial infarction 

b. Identification of very early inflammatory markers in a porcine myocardial infarction 

model 

c. The intrapericardial delivery of extracellular vesicles from cardiosphere-derived cells 

stimulates M2 polarization during the acute phase of porcine myocardial infarction 

d. The immunomodulatory signature of extracellular vesicles from cardiosphere-

derived cells: a proteomic and miRNA profiling 

3. Application of extracellular vesicles derived from mesenchymal stem cells in assisted 

reproduction: applicability in embryo culture development. 

a. Murine embryos exposed to human endometrial MSCs-derived extracellular vesicles 

exhibit higher VEGF/PDGF AA release, increased blastomere count and hatching rate 

b. Extracellular vesicles derived from endometrial human mesenchymal stem cells 

improve IVF outcome in an aged murine model  
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c. Extracellular vesicles derived from endometrial human mesenchymal stem cells 

enhance embryo yield and quality in an aged murine model 

d. Unraveling the molecular signature of extracellular vesicles from endometrial-derived 

mesenchymal stem cells: potential modulatory effects and therapeutic applications 
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RATIONALE OF THE THESIS 

COHERENCIA E IMPORTANCIA UNITARIA DE LA TESIS 

This PhD has been fully developed in the Stem Cell Therapy Unit, including a short stay in the 3B’s 

laboratory at the University of Minho. According to supervisor´s recommendations, the objectives 

and results of the thesis are closely related with the scientific priorities of the host institution. In this 

sense, the host institution (Minimally Invasive Surgery Centre Jesús Usón) is a non-profit 

organization with multidisciplinary team members focused on: I) the preclinical validation of stem 

cell-based therapies, II) the development of advanced therapies for the treatment of inflammatory-

based diseases, and III) optimization of surgical procedures and implantable devices.    

Based on that, the main objectives of this thesis were closely related with the research interests of 

this institution. In this sense, the three main sections, which include several scientific publications 

in peer reviewed journals are based on the evaluation of innovative ideas for the successful 

application of stem cell-based therapies. The characterization of vesicles derived from MSCs, the 

application of these vesicles in assisted reproduction together with the use of MSCs for surgical 

implantations meshes have a common goal which is the application of advanced cell-based 

therapies and unravelling the biological mechanisms involved.   

Considering that PhD is a learning and cross-disciplinary process, it is important to note that the 

different sections of this thesis are especially interconnected in terms of methodology. The first 

section (Application of MSC- and EV-based therapy on hernia) involves preclinical research using 

clinically relevant animal models, the second section (Application of MSC- and EV-based therapy on 

myocardial infarction), is basically focused on animal models and cell-based analyses. Finally, the 

third section (Application of MSC- and EV-based therapy on assisted reproduction technologies) is 

much more focused on molecular studies, and omic approaches.  

Altogether, the objectives, methodologies and results sections developed in this thesis cover basic 

and applied research in the fields of stem cell biology, inflammatory-mediated diseases, and 

reproduction.   
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RESULTS AND DISCUSSION 

SECTION I: APPLICATION OF MSC- AND EV-BASED THERAPY ON HERNIA 

Surgical mesh implantation is the gold-standard procedure for tissue reinforcement in abdominal 

hernia-related complications (140). Due to the numerous adverse effects reported by patients after 

hernia repair (197–199), scientists and physicians are striving to improve meshes and surgical 

techniques. Unfortunately, safety and effectiveness concerns over the use of surgical meshes have 

been a matter of debate in the Food and Drug Administration and European Medicines Agency in the 

last years (200,201) and many devices were removed from urogynaecological use because of safety 

concerns (202). Cell therapy has been proposed as a tool to break the vicious circle where surgical 

meshes are implanted to repair hernia, but the adverse inflammatory response after implantation 

leads to mesh removal and hernia recurrence.  

So, in the study entitled “Fibrin glue mesh fixation combined with mesenchymal stem cells or 

exosomes modulates the inflammatory reaction in a murine model of incisional hernia” (149), the 

biological effect of mesenchymal stromal cells (MSCs) from murine bone marrow and the derived 

extracellular vesicles (EVs) was evaluated in a murine model of incisional hernia. While bone 

marrow-derived MSCs (BM-MSCs) were already tested in previous studies using  animal models of 

hernia (203–205), EVs from MSCs were never combined with surgical meshes before. The murine 

BM-MSCs and the derived EVs where firstly characterised. The cells were positive for stemness 

surface markers having differentiation capacity towards the adipogenic, osteogenic, and 

chondrogenic lineages. EVs, in turn, were characterised in terms of concentration and particle size 

and they were shown to express the tetraspanin CD9 (206). BM-MSCs and EVs where then mixed 

with fibrin sealant, a biological adhesive widely used in tissue engineering (207,208). In this case, 

fibrin sealant was used as vehicle to seed cells and EVs onto polypropylene surgical meshes. 

Afterwards, cell/EV-coated meshes were implanted in murine models of incisional hernia. Thanks to 

the adhesive property of the fibrin sealant, no additional fixation method was required. After one 

week, meshes were explanted and inflammatory and tissue response to the bioactive surgical 

meshes were explored. Histological analyses and flow cytometry demonstrated that the fibrin 

sealant triggered the infiltration of CD45+ leukocytes and this response was counteracted neither 

by BM-MSCs nor EVs. Fibrin glue was already shown to recruit leukocytes (209,210), with a putative 



RESULTS AND DISCUSSION 

44 

 

beneficial effect on tissue incorporation (211). In this study, both cells and EVs produced a decrease 

in the M1 inflammatory macrophages infiltrated in the surgical mesh, compared to hernia repair with 

conventional meshes. MSCs-coated meshes were already demonstrated to polarise macrophages 

towards the M2 anti-inflammatory phenotype (45) and MSC-derived vesicles were associated to a 

shift in the balance of macrophages towards a M2 phenotype (212). In this study, an increase in M2 

macrophages was observed with both cells and EVs, but it was significant only in EVs-coated 

meshes. Additionally, the enhancement in M2 polarisation by BM-MSCs and EVs was confirmed by 

qPCR analysis of TH1/TH2 cytokines, where IL4 expression was increased in cell-coated meshes, 

while IL13 expression increased in both cell- and EV-coated meshes, compared to conventional 

meshes. It is difficult to state that EVs were more effective than MSCs to induce an M2 polarisation, 

since the anti-inflammatory effect of MSCs is known to be mediated through paracrine mechanisms 

(213). However, it may be hypothesised that EV-coated meshes contained more concentrated MSC-

secretomes, or that EVs lasted longer than cells when encapsulated in the fibrin sealant. Of course, 

further studies should confirm this hypothesis. The last aim of this study was to evaluate the 

regenerative potential of MSC- or EV-coated meshes. Hernia patients usually present variations in 

connective tissue (214), with altered collagens (214–216) and matrix metalloproteinases (MMPs) 

(214). One week after mesh implantation, MSC- and EV-coated meshes triggered a decrease in 

MMP2, COL1A1, and COL3A1 gene expression, compared to uncoated meshes. Additionally, BM-

MSCs caused the increase of MMP9 expression and in the ratios between MMPs and tissue 

inhibitors of metalloproteinases (TIMPs) MMP9/TIMP1 and MMP9/TIMP2. A decrease in the ratios 

MMP2/TIMP1 and MMP2/TIMP2 was also triggered by cell-coated meshes, when compared with 

the uncoated ones. Given that collagen synthesis re-organization (23–25) and MMP release (26,27) 

were already shown to be induced by stem cells, these results may suggest that neovascularization 

(217), angiogenesis (218), and wound-healing (219) were induced. This study (149) proved that fibrin 

sealants can be used as cell/EV vehicle as well as fixation method for surgical meshes. Moreover, 

it suggests that these bioactive meshes may improve the short-term response of an incisional hernia 

patient to the surgery. Although promising, in this study MSC- and EV-based therapies were tested 

on a small animal model of ventral incision, that was already used in previous studies (220–223). 

Unfortunately, even though this model could be appropriate for incisional hernias following 

laparotomies, it is not suitable for more frequent hernias, such as umbilical or inguinal hernias.  

Hence, in the second study included in this section, entitled “Laparoscopy for the Treatment of 

Congenital Hernia: Use of Surgical Meshes and Mesenchymal Stem Cells in a Clinically Relevant 

Animal Model” (224), the effects of MSC-based therapy were assessed in a pigs with congenital 
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umbilical hernia. These large animal models were chosen to resemble human patients with 

abdominal hernias. Similarly to the previous study (149), fibrin sealant was used as a vehicle for 

porcine BM-MSCs fulfilling the “Minimal criteria for defining multipotent mesenchymal stromal cells” 

defined by the International Society for Cellular Therapy (35). This compound was then spread on 

the top of polypropylene surgical meshes. The bioactive meshes were implanted in pigs after the 

approximation of hernia borders and fixed with helicoidal staples. In this study, fibrin sealant could 

not be used as a mesh fixation method due to the pathological situation of the pigs and to the longer 

follow-up (one week and one month). It should be remembered that these pigs were not models of 

ventral incision but presented a natural abdominal wall defect with related complications. All the 

surgical procedures were performed by laparoscopy to avoid the open-surgery related 

complications. Hernia size was measured through ultrasonography prior to surgical mesh 

implantation and one week and one month after mesh implantation. Even though a statistically 

significant reduction in terms of hernia mean size was observed with cell-coated meshes one week 

after implantation, this result was for sure due to different suture closures and heterogeneity of 

animals in terms of weight and hernia size. The response of the abdominal tissues to cell-coated 

meshes was evaluated by histology, flow cytometry, and gene expression analysis. Contrarily to the 

previous study (149), no significant change was found in the expression of M1/M2 markers and 

TH1/TH2 cytokines, except for TNF gene expression. The increase in TNF expression in the cell 

group one month after implantation could be related to the implantation of polypropylene meshes 

that causes inflammation per se (225). The analysis of T cell subsets infiltrating the surgical mesh 

did not reveal significant changes with cell-coated meshes, suggesting neither positive, nor 

detrimental effects of the bioactive meshes on the surrounding tissues. Additionally, in the 

histological evaluation of connective tissue and vascularization, cell-coated meshes caused just a 

slight reduction in VEGF expression one month after implantation, probably helping to minimise 

severe scarring of the wound (226,227). This was the first preclinical study where a clinically relevant 

swine model with congenital abdominal hernia was implanted with stem cell-coated meshes by 

laparoscopy. Unfortunately, if large animal models with congenital hernia could be advantageous in 

terms of similarity with the human patient, the poor homogeneity and the ethical issues arising for 

biopsies and follow up, made it difficult to understand the therapeutic effect of cell therapy in hernia 

repair. In order to combine cell therapy and surgical meshes more efficiently, preclinical trials should 

be strictly standardised to avoid inconclusive results and waste of money, time, and animal lives.  

The lack of standardisation in preclinical studies was clear when a complete overview of the state-

of-the-art of cell therapy-based hernia repair was presented in the review entitled “Meshes in a mess: 
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mesenchymal stem cell-based therapies for soft tissue reinforcement”(161). In this work it was 

shown that differentiated cells, as well as MSCs, have been repeatedly tested in in vitro and 

preclinical studies. First, combinations of various differentiated cells, from fibroblast to platelets, 

and different biologic and synthetic meshes showed beneficial effects especially in terms of 

neovascularization and foreign body reaction.  Second, when MSCs from bone marrow, adipose, or 

endometrial origin were used, neovascularization, collagen deposition, inflammatory cell infiltration, 

and improvement of physical-mechanical mesh properties, among the most frequent findings, were 

triggered. However, in both cases, a comparison between cell types, mesh material, and 

methodological procedures for cell coating was challenging, due to the heterogeneity of the different 

studies (161).  

So, the evaluation of stem cell-based therapies for the treatment of hernia is quite hard when the 

available preclinical trials have been performed on various animal models (mice, rats, rabbits, 

sheep), using stromal cells of different origin (placental, endometrial, adipose, etc.), different 

surgical materials (synthetic non-absorbable, synthetic absorbable, and biological meshes), several 

surgical procedures (open surgery, laparoscopy), and have been focused on different purposes 

(abdominal hernias or pelvic organ prolapse, among others) (161). As a consequence, to date, no 

registered clinical trials involving surgical meshes and stem cell therapy for hernia repair exist, even 

though a case report was published in 2017 (228) and an open label trial was performed recently 

(229). In the case report, autologous BM-MSCs and platelet-rich plasma were seeded on a biological 

mesh and implanted in a woman with an abdominal incisional hernia. According to the authors, 

hernia relapse and adhesion formation were prevented, and mesh biocompatibility was improved 

(228). In the open label trial, 128 patient with inguinal hernia were recruited and using the 

Lichtenstein repair (230), standard polypropylene meshes were compared with autologous bone 

marrow cell-coated meshes. The authors claimed that cell-coated meshes reduced hospital stay, 

post-operative pain and complications (229). Taking into consideration the questionable reliability 

of open-label trials (231) for the high risk of bias (232), only a standardisation of preclinical trials 

may avoid inconvenient outcomes in the clinical setting.  

Hernia continues to be an unresolved issue, where patients learn to live with discomfort, chronic 

pain, and disability. Of course, the improvement in MSC-based therapies and the development of 

engineered cell-vehicles might improve patient outcomes.  
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SECTION II: APPLICATION OF MSC- AND EV-BASED THERAPY ON 

MYOCARDIAL INFARCTION 

Acute myocardial infarction (AMI) is a common cause of heart failure (233), which is the most 

common death cause worldwide (165). Heart failure can emerge right after AMI or later in time (233), 

and it is hard to predict (234). The risk of heart failure is usually monitored by imaging techniques, 

electrocardiography (ECG), chest X-ray, and laboratory test values, among others (235). The 

identification of biomarkers in peripheral blood may help to predict and monitor the evolution of the 

disease, but there is no evidence for their use in the clinical practice yet (235). To date (the 15th of 

April, 2021) a basic search in Clarivate Analytics Web of Science 5  with the words “myocardial 

infarction” leads to 306 853 results. This number seems incredibly small when it is compared with 

the 3 510 023 results corresponding to “cancer” and it just doubles the novel “COVID-19” (144 358 

results). This means that although very common, AMI still needs to be thoroughly studied. It is widely 

accepted that the closed-chest model of AMI in swine is one of the most appropriate approaches 

for cardiovascular research (236,237), and it has been used to identify biomarkers to predict the 

severity of AMI (174,238).  

In our first study from this section, entitled “Altered haematological, biochemical and immunological 

parameters as predictive biomarkers of severity in experimental myocardial infarction” (174) several 

biochemical, haematological, and immunological parameters were analysed at different time points: 

before AMI model creation, 24 hours and 7 days after AMI. Briefly, significant changes in 

transaminases, myeloid cells, erythrocytes, and platelets were found when the three time points 

were compared. Additionally, direct or indirect correlations between haematological/biochemical 

parameters with ejection fraction, infarction area and cardiac enzymes were found. No 

immunological parameters appeared to be significantly altered at different time points. Considering 

that ischemia during AMI activates the immune system, it was likely that some relevant 

immunological changes may have occurred at earlier time points. This study, whose results are 

supported by previous findings (239–247), suggests that the proposed biochemical and 

haematological parameters (gamma-glutamyl transferase, glutamic pyruvic transaminase, red 

 

5 https://www.webofknowledge.com 
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blood cell counts, haemoglobin concentration, haematocrit, platelet count, and plateletcrit) may be 

used as biomarkers to predict the severity of myocardial infarction in human patients (174). 

With all this in mind, in our following study entitled “Identification of very early inflammatory markers 

in a porcine myocardial infarction model” (238), peripheral blood was collected 1 hour after 

myocardial infarction induction in the same experimental model. Lymphocytes were then isolated 

and then characterized to identify potential early biomarkers for myocardial infarction severity (238). 

Only one hour after balloon deflation, some variations in lymphocyte subsets distribution and in 

cytokine gene expression were found. In short, there were significant changes in the T cell ratio 

CD4+/CD8+ and in lymphocyte differentiation/activation status, as confirmed by previous studies 

(248–250). Regarding the expression of genes encoding cytokines secreted by lymphocytes, some 

significant differences were reported 1 hour after myocardial infarction, compared to the basal state. 

IFNγ, IL4, CELA, and BPI expression was reduced, suggesting a prompt rearrangement in Th1 and 

Th2 lymphocytes, and in neutrophils.  Expression levels of IFNγ and IL4 was already proposed as a 

diagnostic tool to evaluate the success of percutaneous coronary intervention after AMI (251) and 

also neutrophils were considered predictive cells in coronary heart diseases (252,253). Moreover, 

there was an increase in ARG1 expression, suggesting that monocytes are immediately recruited to 

the site of infarction, as previously hypothesised (254). As in our previous work (174), correlations 

between the altered parameters and classic cardiac variables (cardiac enzymes, ejection fraction 

and infarction area) were found. These results suggest that patients that 1 hour after AMI onset 

present a high percentage of CD4+IFNγ+ lymphocytes, low IL2, IFNγ, and CELA expression, or high 

NOS and IL5 expression, may have higher levels of Troponin I or CK-MB and lower left ventricular 

ejection fraction (LVEF) 1 week after AMI, indicating a worse prognosis (238). Additional studies with 

bigger sample sizes would elucidate if these parameters may be used as molecular biomarkers for 

the severity of AMI. This method would give the advantage to predict, in relatively short time, the 

prognosis of AMI in human patients as soon as they are admitted into hospital. Furthermore, 

knowing accurately the clinical context of the patient is necessary to test new treatments. In this 

scenario, the identification of immune biomarkers in the swine model of closed-chest AMI is 

particularly reliable, being the animals free of pre-existing immune disorders. These biomarkers can 

then be used to evaluate the efficacy of novel anti-inflammatory treatments.  

The inflammatory process involving the cardiac tissues after AMI are well-known and MSC- and EV-

based therapies are particularly of interest. Cardiosphere-derived cells (CDCs) were isolated for the 

first time in 2007 from human percutaneous endomyocardial biopsies (255). Primary cultures of 

these specimens are characterised by the formation of multicellular clusters called cardiospheres. 
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When CDCs migrate from these clusters, they are c-Kit+ and mesenchymal/fibroblasts 

(CD105+ CD90+) and endothelial (CD34+ CD31+) subpopulations can be found. Moreover, human 

and porcine CDCs demonstrated all characteristics of cardiogenic differentiation and to migrate and 

engraft to infarction zones in murine hearts (255). Following studies have demonstrated CDC 

therapeutic potential in myocardial infarction (256), especially for their anti-inflammatory properties 

(257–259). Different clinical trials involving CDCs (ClinicalTrials.gov Identifiers: NCT00893360, 

NCT02293603, NCT01458405, NCT03129568, NCT01273857, NCT01829750) have been 

performed. The completed trials (NCT00893360, NCT01273857, NCT01458405) demonstrated that 

the intracoronary administration of CDCs is feasible (260), safe (260–262), and effective (263), even 

at a long term (264). Unfortunately, the ALLSTAR clinical trial (NCT01458405) observed no reduction 

in scar size, although some cardiac improvements were induced by CDC-based therapy (262). The 

poor regenerative potential of cardiac tissue may be attributed to the fact that MSCs are effective 

when they can persist in the site of injury for a long time (265). Even though in all the cited trials, 

CDCs were delivered through the coronary artery, preclinical studies have demonstrated that the 

intrapericardial injection is as safe and effective as the intramyocardial, intracoronary, and 

intravenous administrations. However, the intrapericardial infusion guarantees longer retention of 

CDCs in the heart (39,111). This administration route was proposed for the administration of EVs 

from CDCs, that showed the same anti-inflammatory, anti-apoptotic, and pro-angiogenic effects of 

their source cells (266–268).  

Hence, in the following study, entitled “The intrapericardial delivery of extracellular vesicles from 

cardiosphere-derived cells stimulates M2 polarization during the acute phase of porcine myocardial 

infarction” (269) porcine CDCs as well as EVs from porcine CDCs (EV-CDCs) were intrapericardially 

administered in  infarcted hearts from swine. Neither CDCs nor EV-CDCs produced any effect on the 

cardiac function parameters (obtained by magnetic resonance imaging), on cardiac enzymes 

(troponin I), or in biochemical parameters (transaminases), showing a lack of effectiveness, but also 

of toxicity. Regarding the immunological parameters, EV-CDCs produced a significant increase of 

CD14+CD16+ cells, corresponding to M2 monocytes (270). This result is particularly interesting and 

it suggests that EV-CDCs may trigger the infiltration of these pro-angiogenic and immunomodulatory 

M2 monocytes in the infarcted heart, promoting tissue repair (271–273) and counteracting the 

exacerbated inflammatory response in AMI. This study confirmed the feasibility of the technique, 

but it did not elucidate the molecular mechanisms involved in the M2 polarisation.  

In the last study from this section, entitled “The Immunomodulatory Signature of Extracellular 

Vesicles From Cardiosphere-Derived Cells: A Proteomic and miRNA Profiling”, a detailed 
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characterisation of the proteome and the miRNome of EV-CDCs was performed (274). This kind of 

description is especially necessary in animal-derived EVs which are still poorly characterised to be 

successfully translated to the clinical setting. According to high-throughput proteomic analysis and 

following enrichment analysis, the top-abundant protein in EV-CDCs were found to be related with 

the processes Immune system (R-HAS-168256), Hemostasis (R-HSA-109582), and Muscle 

Contraction (R-HSA-397014), as defined in the database Reactome. Furthermore, several cardiac-

related and immune-related miRNAs, as well as previously identified miRNAs in EVs from MSCs, 

were selected and their expression was quantified in EV-CDCs by qPCR. Five miRNAs (mir-23a-3p, 

mir-191-5p, mir-21-5p, mir-125b-5p, and let-7a-5p) appeared to be particularly abundant in EV-CDCs. 

Of note, in silico analyses revealed that these miRNAs target the gene IL6R. This receptor was 

considered an ideal target for coronary heart disease (275) and it is blocked by the monoclonal 

antibody Tocilizumab, which is now considered a good therapeutic strategy for coronary heart 

disease (276) and COVID-19 (277). These pieces of evidence suggest that EV-CDCs may have a 

therapeutic relevance for inflammatory-mediated diseases. Afterwards, MSC priming strategies 

were used to decipher any change in EV-CDC profile. Numerous priming strategies for different MSC 

types are currently under investigation, and our study aimed to optimise in vitro cell culture 

conditions (274). , providing stimuli as cytokines, chemical agents, hypoxia, or other molecules. 

Under these conditions, MSC properties are enhanced, being then “inherited” by the released EVs (de 

Pedro et al., manuscript in preparation). In this study (274), Briefly, CDCs were primed with IFNγ, and 

the molecular profile of the derived EVs (called IFNγ/EV-CDCs) was compared with EV-CDCs. First, 

IFNγ priming did not induced any difference in terms of size and concentration of EVs. Second, 

several proteins were up-regulated in IFNγ/EV-CDCs vs. EV-CDCs. Among these proteins, we 

identified IL6, whose function in the immune system pathway seems to be “contradictory”. Indeed, 

it has been often  considered as a pro-inflammatory cytokine (278), but also as an anti-inflammatory 

molecule (279), with a role in the alternative activation of macrophages (280). Third, mir-125b-5p was 

significantly up-regulated in IFNγ/EV-CDCs. This miRNA was found to be involved in cardiac 

regeneration after myocardial infarction (281) by acting on cardiomyocytes survival (282). Additional 

in silico analyses on the target network of mir-125b-5p identified a variety of genes targeted by this 

miRNA and involved in the processes Metabolism and Immune System, including IL6R. The 

immunomodulatory potential of EV-CDCs and IFNγ/EV-CDCs was then assayed on CD4+ and CD8+ 

T cell subsets. EV-CDCs reduced the in vitro differentiation of CD4+ and CD8+ T cells towards an 

effector-memory phenotype and the expression of activation markers, confirming previous findings 

on EVs from endometrial stem cells (283,284). In conclusion, even though the molecular mechanisms 

underlying the immunomodulatory potential of EV-CDCs still needs to be elucidated by functional 
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analyses, this study suggests a possible involvement of EV-CDCs and IFNγ/EV-CDCs in the IL6/IL6R 

axis. This insight may explain why in the previous study included in this section (269) EV-CDCs 

triggered the infiltration of M2 monocytes in the infarcted heart (285).  

To conclude, the in silico, in vitro, and preclinical studies included in the four publications of this 

section, suggest that an accurate analysis of the immunological response during myocardial 

infarction would be very useful to predict the severity of the disease, and these immunological 

markers could be useful to evaluate the effectiveness of novel therapies. Finally, prior to a clinical 

application of CDCs and EV-CDCs further in vivo studies are required to evaluate the therapeutic 

efficacy in clinically relevant animal models.   
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SECTION III: APPLICATION OF MSC- AND EV-BASED THERAPY ON 

ASSISTED REPRODUCTION TECHNOLOGIES 

One of the most promising sources of Mesenchymal Stromal Cells (MSCs) is the human 

endometrium. Its functional and basal layers are the source of two types of MSCs: multipotent 

W5C5/SUSD2+ CD146+ perivascular cells (286,287), usually called “endometrial MSCs”, and 

W5C5/SUSD2- CD146- “endometrial stromal fibroblasts” of mesenchymal origin (288). The 

W5C5/SUSD2+ CD146+ endometrial MSCs have self-renewal capacity and differentiate into 

myocytes, adipocytes, osteocytes, and chondrocytes. They are also progenitors of the endometrial 

stromal W5C5/SUSD2- CD146- cells (286,288), that are responsive to progesterone and differentiate 

to epithelial-like cells in the decidualization process (286). Both types of cells can be isolated from 

hysterectomy, biopsies of the endometrium, or by menstrual fluid collection. Menstrual fluid is a 

particularly advantageous and non-invasive source of cells of mesenchymal origin. Any pre-

menopausal healthy women, without infections or immune disorders and who is not undergoing 

hormonal therapy, is a potential donor. The collection of menstrual blood can be performed using a 

menstrual cup and it is completely painless, quick, without any additional cost and ethical concern. 

Menstrual fluid is composed of endometrial tissue fragments comprising endometrial stroma, 

glands, and blood cells (193). Both W5C5/SUSD2+ CD146+ endometrial MSCs and endometrial 

stromal W5C5/SUSD2- CD146- cells (both hereinafter referred to as “endometrial-derived MSCs—

endMSCs”) can then be easily isolated by plastic adherence and in vitro expanded using standard 

culture conditions (289). In the last years, endMSCs have been deeply studied and have 

demonstrated a high proliferative rate and differentiation capacity, been particularly attractive from 

a therapeutic point of view (193,287). Moreover, they have also demonstrated immunosuppressive 

(290–292), anti-apoptotic, and pro-angiogenic capacities (293), which are mediated by paracrine 

factors. In this context, extracellular vesicles (EVs) are believed to be the principal mediators of MSC-

related therapeutic potential. The molecular cargo of EVs has been found to be involved in 

adaptive/innate immune response, complement activation, antigen processing/presentation, signal 

transduction, cell proliferation, and apoptotic processes (294).  

Hence, since EVs are known to mediate cell-to-cell communication, and the endometrium is known 

to establish a complex interplay with the embryo, an in vitro study, entitled “Murine embryos exposed 

to human endometrial MSCs-derived extracellular vesicles exhibit higher VEGF/PDGF AA release, 

increased blastomere count and hatching rates” (295) was performed. In this study, endMSCs and 
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their concentrated EVs (EV-endMSCs) were characterised. These cells showed to comply with the 

Minimal criteria for defining multipotent mesenchymal stromal cells proposed by the International 

Society for Cellular Therapy (35) and the EVs with the Minimal information for studies of extracellular 

vesicles by the International Society for Extracellular Vesicles (120). Then embryo development and 

hatching were in vitro evaluated by co-culturing EV-endMSCs with murine cell embryos for three 

days, showing a significant increase in total blastomere number and in hatching rates when EV-

endMSCs were added to embryo cultures. These results suggest that EV-endMSCs may promote 

blastomere division during embryonic development and that this effect may be due to the protein 

content of these EVs. As a matter of facts, proteomic analyses of EV-endMSCs evidenced the 

presence of proteins as vinculin, fibronectin, metalloproteinase-2, -3, -9, and E-cadherine, that have 

already been positively linked to embryo development and implantation (295). On the other side, EV-

endMSCs affected neither positively nor negatively, blastocyst rates of the 2-cell embryos, 

suggesting that EVs may intervene in the late phases of embryo development preceding 

implantation. Moreover, the absence of negative effects on blastocyst and hatching rates may 

indicate that EVs are not toxic when used as co-adjutants of embryo cultures. Regarding blastocyst 

response to EVs, PDGF-AA and VEGF were detected in embryo supernatants in an EV concentration-

dependent manner. The mitogenic factor PDGF-AA was already associated to enhance embryo 

quality and developmental potential, while VEGF, usually known for being the conductor of the 

angiogenesis orchestra, was also linked with embryo development and implantation (295). 

Additionally, the quantified PDGF-AA and VEGF in embryo supernatants showed a significant 

correlation, suggesting that embryos may support angiogenesis, differentiation, and tissue 

remodelling of the endometrium during implantation (295). In conclusion, EV-endMSCs seemed to 

be an integrated part of a feedback loop where the endometrium supports embryo development and 

hatching, and the embryo supports endometrium remodelling during implantation.  

The use of EV-endMSCs as co-adjutants for in vitro embryo culture seemed very promising and their 

beneficial effect was tested in embryos derived from aged female mice. In the study entitled 

“Extracellular vesicles derived from endometrial human mesenchymal stem cells improve IVF 

outcome in an aged murine model” (296), in vitro fertilization was performed with the gametes of old 

B6D2 female (24 weeks) and young male mice (8-12 weeks). Different concentrations of EV-

endMSCs were co-cultured with presumptive zygotes and the impact on embryo developmental 

competence was explored. On one hand, the first mitotic divisions before the morula stage of mice 

embryos were not affected by the EVs, confirming the results from the study conducted with young 

female gametes (295). On the other hand, embryo division kinematics at the morula and blastocyst 
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stages were significantly increased by the presence of certain doses of EV-endMSCs, Furthermore, 

in accordance with the result from the previous study (295), blastocyst total cell number was 

significantly boosted with any of the tested concentration of EV-endMSCs (296,297). The 

implementation of embryo culture media with EVs from the female reproductive tract was already 

explored in mammals (190). Survival rate and number of cells of vitrified bovine embryos, improved 

when EVs from bovine oviductal epithelial cells were supplemented to embryo culture media (298). 

In another study, the same type of bovine EVs was reported to enhance blastocyst quality and 

embryo hatching rate (299). Recently, EVs from human umbilical cord MSCs were administered by 

intravenous injection in female mice with induced premature ovarian insufficiency. These EVs 

increased the number of oocytes retrieved, percentage of fertilized oocytes, cleaved embryos, and 

blastocyst rates in the infertile mice (300).  

Thus, the enhancement of developmental competence in the morula and blastocyst stages of 

embryos from aged oocytes is crucial to improve blastocyst rates when assisted reproduction 

techniques are employed in the case of advanced maternal age. In the third study included in this 

section, entitled “Extracellular vesicles derived from endometrial human mesenchymal stem cells 

enhance embryo yield and quality in an aged murine model” (297), it was demonstrated that EV-

endMSCs in supplemented embryo culture media were effectively internalised by embryo cells, 

allowing EV-cargo to directly interact with recipient cells. The proteomic analysis of the EV-endMSCs 

used throughout the study (297) revealed that the proteins in the EV cargo are involved in crucial 

Reactome pathways for fertilization and embryo implantation, as Metabolism (R-HSA-1430728), 

Developmental biology (R-HSA-1266738), and Cellular response to oxidative stress (R-HSA-2262752). 

The effect of EV-endMSCs on embryo quality was further confirmed by qPCR analyses in the murine 

blastocysts. The expression of genes involved in Developmental biology (vascular endothelial growth 

factor A-Vegfa and sex determining region Y-box 2 -Sox2) resulted to be significantly increased with 

some dosages of EV-endMSCs, as well as the gene glyceraldehyde-3-phosphate dehydrogenase –

Gapdh, involved in Metabolism. It is worth mentioning that Sox2 participates in trophectoderm/inner 

cell mass formation in the pre-implantation embryo, Gapdh is involved in the glycolytic pathway and 

Vegfa is strictly related with placentation. This means that EV-endMSCs may contribute to many 

events that sustain blastocyst development until implantation (297). On the other side, the 

expression of genes related to Cellular response to oxidative stress pathway (glutathione peroxidase 

1 -Gpx1- and superoxide dismutase 1 -Sod1), encoding antioxidant enzymes, was significantly 

decreased with some dosages of EV-endMSCs, compared to controls (296,297). The impairment in 

reactive oxygen species metabolism is a detrimental factor for oocyte competence, especially if 
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aged, and for embryo development (296). A potential reactive oxygen species (ROS) scavenger 

activity of EV-endMSCs was already hypothesized in the setting of prostate tumours. Therefore, this 

reduction in antioxidant gene expression may indicate that EVs can lower ROS levels, contributing 

to increase embryo developmental competence (296,297).  

The results from the previously described studies (295–297) suggested a possible role of endMSCs 

and EV-endMSCs in the early stages of embryo development until implantation. Since inflammation 

is necessary for embryo implantation (301), the aim of the subsequent study, entitled “Unraveling the 

molecular signature of extracellular vesicles from endometrial-derived mesenchymal stem cells: 

potential modulatory effects and therapeutic applications” (294), was to fully characterise the 

molecular signature of EV-endMSCs and its possible implication in immune-related events. EV-

endMSC samples, were analysed by high-throughput quantitative proteomic techniques and 

revealed the presence of a total of 895 proteins, 617 being annotated in the Gene Ontology (GO) 

category Extracellular exosome (GO:0070062). In turn, Next Generation Sequencing (NGS) allowed 

us to identify 225 micro RNAs (miRNAs) with 937 target genes. The enrichment analysis of EV-

endMSC proteins showed that they were predominantly localized in Extracellular matrix 

(GO:0031012), Cytosol (GO:0005829), and Membrane (GO:0016020) and involved in processes as 

extracellular matrix organization (GO:0030198) and cell redox homeostasis (GO:0045454). These 

results confirm previous studies were EV proteins were already hypothesized to be involved in 

biological processes such as cellular migration (302), invasion (303), tumour metastasis (304,305), 

and neutrophils recruitment during inflammation (306), among others. On the other side, miRNA-

targeted genes were shown to be mainly localized in the nucleus (GO:0005634) and to be involved 

in signaling transduction (GO:0007165), cell proliferation (GO:0008283) and apoptotic processes 

(GO:0006915), among others. This result suggest that EV-endMSC cargo exert pleiotropic effects on 

the recipient cells, depending on the molecules that are delivered (294). Afterwards, endMSCs were 

primed with IFNγ, and the molecular profile of the derived EVs (called IFNγ/EV-endMSCs) was 

compared with EV-endMSCs. Under IFNɣ treatment, there was a significant change in 84 proteins, 

involved in angiogenesis (GO:0001525), tumor necrosis factor signaling (GO:0033209), and innate 

immune response (GO:0045087). Among the up-regulated proteins in IFNγ/EV-endMSCs, there was 

the cytokine Colony Stimulating Factor 1 (CSF1). CSF1 is a modulator of inflammatory responses 

which has been associated with M1/M2 polarization, and shifts towards homeostatic/reparative 

state (294). CSF1 levels were measured by ELISA and was found to be released and significantly 

increased in IFNγ/EV‐endMSCs when compared to EV‐endMSCs. This result suggests that EVs from 

IFNγ-primed MSCs may promote a M2 polarization. To further confirm the involvement of EV‐
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endMSCs and IFNγ/EV‐endMSCs in macrophage polarisation, human monocyte differentiation 

towards M1-macrophages and M2-macrophages was firstly induced with GM-CSF and M-CSF 

(CSF1) respectively. Macrophage differentiation was compared with the effects of EV‐endMSCs and 

IFNγ/EV‐endMSCs co-cultured with monocytes. It was so shown that EVs could trigger monocyte 

differentiation towards M2 macrophages, regardless of their provenance from control or IFNγ-

primed endMSCs (294). This finding remarks the role of MSC-derived EVs in promoting M2 

differentiation (307), however it pinpoints the importance of finding the best priming strategy to 

amplify MSC immunomodulatory properties. Indeed, later studies demonstrated a clearly increased 

macrophage polarization capacity in EVs from IFNγ/TNFα-primed cells than in EVs themselves 

(308,309) suggesting that priming MSCs with IFNγ alone is not sufficient and should be modified or 

combined with different priming agents. Conversely, IFNγ priming significantly altered the 

expression of 18 miRNAs, whose targeted genes are involved in IL-6/8/12 Signaling, and in the Role 

of Macrophages, confirming that IFNγ/EV‐endMSCs may have a potential role in macrophage 

polarization, but additional functional studies involving further priming strategies should be 

performed.  

In conclusion, the bioinformatic, in vitro, and in vivo analyses collected in the four publications on 

which this section is focused, support the use of EV-endMSCs in the context of assisted 

reproduction technologies. Moreover, our results encourage their use as an innovative, cheap, and 

safe cell-free therapy for inflammatory-related conditions.  
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GENERAL CONTRIBUTION TO KNOWLEDGE AND LIMITATIONS OF THIS THESIS 

The use of animals for scientific purposes is still a matter of debate and many alternatives have 

been proposed over the last decade. Experimental in vitro techniques have incredibly improved and 

bioinformatics and computational biology are increasingly more accessible, nevertheless animal 

research is still essential to answer to a variety of scientific and medical questions. Advanced 

therapies based on stem cells and extracellular vesicles are appealing, but they are relatively new 

and need a strong validation in animal models of disease prior to the clinical translation. Currently, 

many clinical trials have not revealed the expected results, presumably due to an insufficient or 

inadequate in vitro and preclinical phase. In this regard, omic strategies and in vitro experiments 

should be carefully planned and combined prior preclinical trials. Preclinical trials, in turn, should be 

focused on clinically relevant animal models and standardised to evaluate the real effectiveness of 

MSC- and EV-based therapies. Nowadays, cell therapy is well-known even among non-healthcare 

professionals. It is especially useful in patients with inflammatory diseases, such as Crohn’s disease, 

but its application to other medical conditions has not reached a consensus yet. On the other hand, 

the existence of extracellular vesicles was firstly deciphered in the eighties, but their 

characterization, classification and their exact clinical potential is still a matter of debate.  

In this PhD thesis, bone marrow-derived MSCs and their EVs were combined with surgical meshes 

to reduce adverse inflammation reactions and induce tissue regeneration in a murine model with 

incisional hernia. This preliminary study was then followed by a clinically relevant study in a swine 

model of congenital hernia. The results obtained from these preclinical studies, as well as the 

considerations made in the related literature review, may be crucial to develop a standardised 

protocol to be evaluated in further clinical studies.  

The intrapericardial administration of EVs from cardiosphere-derived MSCs was also assessed in a 

swine model of myocardial infarction. A detailed molecular characterisation of these EVs was 

provided and it demonstrated their potentiality to be a safe and effective approach to counteract 

adverse inflammatory events in acute myocardial infarction and triggering tissue regeneration.  

Last but not least, a detailed characterization of EVs from menstrual blood-derived MSCs was 

provided, as well, and their use was investigated in a murine model of in vitro fecundation and 

embryo development. The use of EVs from MSCs as culture media supplements for assisted 

reproduction technologies may provide a relatively low-cost and safe strategy to raise the still low 
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success rates of assisted fecundation and to counteract implantation failure. Furthermore, EVs from 

endMSCs constitute promising end ethic concern-free tools for the treatment of immune system-

related diseases.  

In conclusion, adult stem cells and their EVs may be the off-the-shelf therapeutic alternative to 

reduce severity and costs associated to the recurrence of some diseases.  

This thesis demonstrates that with the appropriate research and trials, MSC-and EV-based therapies 

will be a valuable therapeutic tool in clinical practice. Notwithstanding, it should be remarked that 

severe criticism about the concept of “extracellular vesicles” is arising in more recent times. To begin 

with, the term “extracellular vesicle” was used for the first time in 1971 in the Journal of 

Ultrastructure Research , while the term “exosome” was used to refer to EVs just in 1981 in 

Biochimica et Biophysica Acta. However, the term “exosome” became the most popular in the recent 

literature, until the participants to the “International Workshop on Exosomes” (then forming the 

International Society for Extracellular Vesicles) in 2011 agreed that the term “extracellular vesicle” 

should be the consensus generic term for lipid bilayer-enclosed particles secreted by cells (310). 

Nowadays, the nomenclature issue has been shelved, but the concept of EVs as cellular messengers 

is being jeopardised. Even though the theory of EVs as intercellular delivery tools may seem 

particularly attractive and there is plenty of publications in the literature about EVs/exosomes 

working miracles, numerous doubts have been shed on the “EV cargo transfer hypothesis” (311). 

After all, if the putative effects of EV cargo can be hypothesized and even demonstrated through 

system biology tools, or in in vitro experiments, but accurate in vivo validations still need to be 

performed. Additionally, rigorous EV isolation is challenging (311). The mere concentration of cell 

culture media does not discriminate between extracellular vesicles and other molecules in the cell 

secretome. So, many authors have mistakenly attributed the effects of cell-free based therapies to 

EVs, when cell secretomes are actually a conglomerate of growth factors, cytokines, chemokines, 

nucleic acids, lipids, and also extracellular vesicles (312). Last but not least, the determination of EV 

functionality has not been standardised yet and the interpretation of results can be as confusing as 

subjective (313). To summarise, it is becoming quite evident that the translation of EV-based 

therapies to the clinical setting still requires careful planning and that sometimes a step back is 

necessary to move forward.  

It is also worth mentioning that some of the inconclusive results of the studies collected in this 

thesis, as well as many others that have been cited in the previous chapters, may be consequence 

the recent decadence where science is falling into. This “decadence of science” must not be 
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interpreted as a decrease in scientific production or as the lack of interest towards creating and 

spreading knowledge. Certainly, science is moving forward faster than ever, and the pandemic 

COVID-19 is the proof of the incredible effort that scientists make to let science progress quicker 

than ever. Nevertheless, we also live in a world where scientists “publish or perish” (314) and 

academic talent is measured as number of publications more than research and teaching ability. 

The exponential increase in scientific publications that has characterised the last decades has 

generated a significant amount of data that are often irrelevant, repeated, useless, unethical, or 

fraudulent. What authorities should learn from this pandemic, is that research is a primary good and 

that it is not industry, where production comes first. In research, health, respect, and ethics come 

first, or countless animal lives will be wasted, and innumerable patients will continue suffer and die 

in the name of scientific output. 
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CONCLUSIONS 

Section I 

1. Fibrin sealants can be used as vehicle for MSCs and EVs, as well as for the fixation of 

bioactive surgical meshes in a murine model of incisional hernia. MSC- and EV-coated 

meshes have anti-inflammatory properties, inducing the recruitment of M2 macrophages and 

are involved in tissue remodelling.  

2. Pigs with congenital hernia is an appropriate experimental model to explore new therapeutic 

strategies for abdominal hernia, and laparoscopy is a feasible approach to implant MSCs-

coated meshes.  

Section II 

1. Haematological, biochemical, and immunological parameters can be used for an early 

prognosis of myocardial infarction and to predict the severity in a clinically relevant swine 

model. 

2. The intrapericardial administration of CDCs or EV-CDCs in a porcine myocardial infarction is 

feasible, safe and counteract the inflammatory reaction increasing M2 monocytes.  

3. The in silico analysis of proteins and miRNAs expressed in EVs from porcine CDCs and IFNγ-

primed CDCs suggests a regulation of the IL6/IL6R axis.  

Section III 

1. EVs from human endMSCs increase the proliferation of murine blastocysts and the release 

of pro-angiogenic molecules. 

2. EVs from human endMSCs increase blastocyst hatching in embryos derived from aged 

murine oocytes and induce alterations in oxidative stress-related genes.  

3. EVs from human endMSCs can be internalised in murine embryos from aged oocytes and 

improve developmental competence as wells as total blastomere count. 

4. The in silico analyses of the proteins and miRNAs of EVs from endMSCs allowed us to 

identify molecular interactions with adaptive/innate immune system, signal transduction, cell 

proliferation, and apoptosis. 
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CONCLUSIONES 

Sección I 

1. Los selladores de fibrina pueden ser utilizados como vehículo para las MSCs y las EVs, así como 

para la fijación de mallas quirúrgicas bioactivas en un modelo murino de hernia incisional. Las 

mallas recubiertas de MSCs y EVs poseen propiedades antiinflamatorias, inducen el reclutamiento 

de macrófagos M2 y están involucradas en la remodelación tisular. 

2. Los cerdos con hernia congénita son un modelo experimental apropiado para explorar nuevas 

estrategias terapéuticas, siendo la laparoscopia una técnica factible para implantar mallas 

recubiertas de MSCs. 

Sección II 

1. Los parámetros hematológicos, bioquímicos e inmunológicos obtenidos de un modelo porcino 

de infarto de miocardio pueden ser utilizados para emitir un pronóstico temprano y para predecir la 

gravedad de la enfermedad. 

2. La administración intrapericárdica de CDCs o EV-CDCs en un modelo de infarto de miocardio 

porcino es factible, segura y contrarresta la reacción inflamatoria aumentando la población de 

monocitos M2. 

3. El análisis in silico de proteínas y miRNAs expresados en EV-CDCs porcinos y CDCs 

precondicionados con IFNγ están relacionados con la regulación del eje IL6/IL6R. 

Sección III 

1. Las EV-endMSCs humanas aumentan la proliferación de blastocistos murinos y la liberación de 

moléculas proangiogénicas. 

2. Las EV-endMSCs humanas aumentan la eclosión de blastocistos en embriones derivados de 

ovocitos murinos envejecidos e inducen alteraciones en genes relacionados con el estrés oxidativo. 

3. Las EV-endMSCs humanas se internalizan en embriones murinos de ovocitos envejecidos y 

ayudan a mejorar su capacidad de desarrollo, así como el recuento total de blastómeros. 
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4. Los análisis in silico de las proteínas y miRNAs procedentes de EV-endMSCs permiten identificar 

interacciones moleculares con procesos del sistema inmune adaptativo/innato, transducción de 

señales, proliferación celular y apoptosis. 
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