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RESUMEN

En los ultimos veinte anos, 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 mas estudiadas y que mas se han usado en medicina regenerativa son las células madre
mesenquimales (MSCs), gracias a su capacidad de diferenciacion, 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 investigacion se ha centrado en el uso de terapias alternativas no celulares que
presentan todas las ventajas de la administraciéon de células madre, disminuyendo los posibles
riesgos. Una de estas terapias no celulares consiste en la administracion de vesiculas

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

En la actualidad, se estan llevando a cabo numerosos estudios clinicos y preclinicos basados en la
administracién 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 clinicos basados en la administracion de vesiculas extracelulares. Es
importante indicar que, a dia de hoy este tipo de terapias presentan muchas desventajas y su

aplicacion clinica sigue siendo un tema controvertido.

Por esta razon, el objetivo de esta tesis ha sido caracterizar y evaluar el efecto de las terapias
celulares basadas en la administracion de MSCs y de sus vesiculas extracelulares sobre modelos
animales. Para la evaluacion de ambas terapias se utilizaron tres condiciones

patoldgicas/fisiolégicas, cuya aplicacién clinica aun no se ha desarrollado

Asi, los modelos animales de hernia abdominal, infarto de miocardio y estudios de fecundacion in
vitro nos han permitido dilucidar si estas opciones terapéuticas avanzadas pueden ser Utiles para

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



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.
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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 19" century, in the light of the theories of August Weismann, Theodor Boveri
and Valentin Hacker, 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

11



INTRODUCTION

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

12



INTRODUCTION

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 Gataé6 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).
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Multipotent stem cells
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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; Il) be immortal;
[Il) 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, KIf4 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

"o

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: 1) adherence to plastic; Il) 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; Ill) 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 ' (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 25" 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
(NCTO04713878) 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 actingon 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 Moatif)
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 naive 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-B, 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), IFNy, and TNFa. 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 IFNy 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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(ThO) 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 naive T cells
(CD45RA+) differentiation towards Th1 or Th2 lineage. Indeed, MSCs can inhibit IFNy 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 naive
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), IFNy, and TNFa (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+CD45R0+, 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 IFNy or TNFa 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 IFNy by T cells and, in T-cell absence, by IFNy-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 (CXCRS5), and C-C Chemokine Receptor Type 7 (CCR7) and
immunoglobulins gV, 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 TNFaq, IL12p70, and IL17 expression. IL10-producting
monocytes are characterized by high levels of CD11b, CD45R, and MHC Il 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 IFNy and TNFa. On the other side, the anti-inflammatory
alternatively-activated M2 macrophages, with important roles in tissue regeneration and secreting
high levels of IL10 and TGFB1 and low levels of IL1, IL6, IFNy and TNF« (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 TNFa 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 IFNy and TNFa, 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 TNFa 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 TNFq, 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 |
negative cells. NK cytotoxic potential, can be either spontaneous or antibody-dependent (31). MSCs
express low levels of MHC class | 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, IFNy-primed MSCs are protected by NK
cytotoxicity via MHC | 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-B1, 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 IFNy 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 TNFa and IFNy, 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 aresult, 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 (TGFa), 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 TGF 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-Il, 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 IFNy. 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 HSP90B (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

AT, 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 EVsS

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:

e “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;

e 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;

e 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;

e 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;

e 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;

e EV purity needs to be justified by quantifying lipoproteins and protein/nucleic acid
aggregates in the sample;

e EV characterization should be performed with a combination of optical and
biophysical/biochemical techniques;

e 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 Il 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
Medicine* 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 25" 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).

4www.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).
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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).

Number of deaths by cause, World, 2017
Cardiovascular diseases | 779 millon
Cancers 9.56 million

Respiratory diseases |G 3.°1 million
Lower respiratory infections | 2.56 million
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Diarrheal diseases [ 1.57 million
Diabetes | 1.37 million
Liver diseases [ 1-32 million
Road injuries I 1.24 milion
Kidney disease [l 1.23 million
Tuberculosis [l 1.18 million
HIVIAIDS |l 954.491.75
Suicide Il 793,823.47
Malaria [l 619,826.63
Homicide |l 405,346.24
Parkinson disease |Jjj 340,639.17
Drowning [l 295,210.43
Meningitis [l 288,021.11
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Maternal disorders JJ 193,639.31
Alcohol use disorders ] 184,934.24
Drug use disorders ] 166,612.55
Conflict | 129,720.15
Hepatitis ] 126,390.59
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Heat (hot and cold exposure) | 53,349.52
Terrorism | 26,445
Natural disasters | 9,602.94

0 2 million 4 million 6 million 8 million 10 million 14 million

Source: IHME, Global Burden of Disease QurWorldInData.org/causes-of-death + CC BY

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 IlI; 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).
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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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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 |, Il, and lll. 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
Laparoscopy for the treatment of congenital hernia: use of surgical meshes and
mesenchymal stem cells in a clinically relevant animal model

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

Identification of very early inflammatory markers in a porcine myocardial infarction
model

The intrapericardial delivery of extracellular vesicles from cardiosphere-derived cells
stimulates M2 polarization during the acute phase of porcine myocardial infarction
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
Extracellular vesicles derived from endometrial human mesenchymal stem cells

improve IVF outcome in an aged murine model
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Extracellular vesicles derived from endometrial human mesenchymal stem cells
enhance embryo yield and quality in an aged murine model
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 JeslUs Usén) is a non-profit
organization with multidisciplinary team members focused on: I) the preclinical validation of stem
cell-based therapies, 1) the development of advanced therapies for the treatment of inflammatory-

based diseases, and Ill) 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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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
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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
gPCR 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 COL3A1T 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 Il: 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 15™ of
April, 2021) a basic search in Clarivate Analytics Web of Science® 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.
IFNy, IL4, CELA, and BPI expression was reduced, suggesting a prompt rearrangement in Th1 and
Th2 lymphocytes, and in neutrophils. Expression levels of IFNy 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+IFNy+ lymphocytes, low IL2, IFNy, and CELA expression, or high
NOS and IL5 expression, may have higher levels of Troponin | 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 along 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 ), 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 IFNy, and
the molecular profile of the derived EVs (called IFNy/EV-CDCs) was compared with EV-CDCs. First,
IFNy priming did not induced any difference in terms of size and concentration of EVs. Second,
several proteins were up-regulated in IFNy/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 IFNy/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 IFNy/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 IFNy/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 IlI: 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 gPCR 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 -Sod7), 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 (G0:0070062). 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
(G0:0031012), 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 (G0:0005634) and to be involved
in signaling transduction (G0O:0007165), cell proliferation (GO:0008283) and apoptotic processes
(G0:0006915), 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 IFNy, and the molecular profile of the derived EVs (called IFNy/EV-endMSCs) was
compared with EV-endMSCs. Under IFNy treatment, there was a significant change in 84 proteins,
involved in angiogenesis (G0:0001525), tumor necrosis factor signaling (G0:0033209), and innate
immune response (G0:0045087). Among the up-regulated proteins in IFNy/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 IFNy/EV-endMSCs when compared to EV-endMSCs. This result suggests that EVs from

IFNy-primed MSCs may promote a M2 polarization. To further confirm the involvement of EV-
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endMSCs and IFNy/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
IFNy/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 IFNy-
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 IFNy/TNFa-primed cells than in EVs themselves
(308,309) suggesting that priming MSCs with IFNy alone is not sufficient and should be modified or
combined with different priming agents. Conversely, IFNy 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 IFNy/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. Itis 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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Section |

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 Il

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. Thein silico analysis of proteins and miRNAs expressed in EVs from porcine CDCs and IFNy-
primed CDCs suggests a regulation of the IL6/IL6R axis.

Section lll

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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Seccion |

1. Los selladores de fibrina pueden ser utilizados como vehiculo para las MSCs y las EVs, asi como
para la fijacion de mallas quirdrgicas bioactivas en un modelo murino de hernia incisional. Las
mallas recubiertas de MSCs y EVs poseen propiedades antiinflamatorias, inducen el reclutamiento

de macréfagos M2 y estan involucradas en la remodelacion 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.
Seccion Il

1. Los parametros hematolégicos, bioquimicos e inmunolégicos obtenidos de un modelo porcino
de infarto de miocardio pueden ser utilizados para emitir un prondstico temprano y para predecir la

gravedad de la enfermedad.

2. La administracion intrapericardica de CDCs o EV-CDCs en un modelo de infarto de miocardio
porcino es factible, segura y contrarresta la reaccion inflamatoria aumentando la poblacién de

monocitos M2.

3. El analisis in silico de proteinas y miRNAs expresados en EV-CDCs porcinos y CDCs

precondicionados con IFNy estan relacionados con la regulacion del eje IL6/IL6R.
Seccion Il

1. Las EV-endMSCs humanas aumentan la proliferacién de blastocistos murinos y la liberacion de

moléculas proangiogénicas.

2. Las EV-endMSCs humanas aumentan la eclosién 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, asi como el recuento total de blastémeros.
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4. Los andlisis in silico de las proteinas y miRNAs procedentes de EV-endMSCs permiten identificar
interacciones moleculares con procesos del sistema inmune adaptativo/innato, transduccién de

sefiales, proliferacién celular y apoptosis.
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ABSTRACT

Surgical meshes are effective and frequently used to reinforce soft tissues. Fibrin glue (FG) has been
widely used for mesh fixation and is also considered an optimal vehicle for stem cell delivery. The aim
of this preclinical study was to evaluate the therapeutic effect of MSCs and their exosomes combined
with FG for the treatment of incisional hernia.

A murine incisional hernia model was used to implant surgical meshes and different treatments with
FG, MSCs and exo-MSCs were applied. The implanted meshes were evaluated at day 7 by anatomopathol-
ogy, cellular analysis of infiltrating leukocytes and gene expression analysis of TH1/TH2 cytokines, MMPs,
TIMPs and collagens.

Our results demonstrated a significant increase of anti-inflammatory M2 macrophages and TH2 cytoki-
nes when MSCs or exo-MSCs were used. Moreover, the analysis of MMPs, TIMPs and collagen exerted sig-
nificant differences in the extracellular matrix and in the remodeling process.

Our in vivo study suggests that the fixation of surgical meshes with FG and MSCs or exo-MSCs will have
a beneficial effect for the treatment of incisional hernia in terms of improved outcomes of damaged tis-
sue, and especially, in the modulation of inflammatory responses towards a less aggressive and pro-
regenerative profile.

Statement of Significance

The implantation of surgical meshes is the standard procedure to reinforce tissue defects such as hernias.
However, an exacerbated and persistent inflammatory response secondary to this implantation is fre-
quently observed, leading to a strong discomfort and chronic pain in the patients. In many cases, an addi-
tional surgical intervention is needed to remove the mesh.
This study shows that mesenchymal stem cells and their exosomes, combined with a fibrin sealant, can
be used for the successful fixation of these meshes. This new therapeutic approach, assayed in a murine
model of incisional hernia, favors the modulation of the inflammatory response towards a less aggressive
and pro-regenerative profile.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

properly. It may occur immediately following surgery and may not
become apparent for months to years. Surgical meshes are effec-

An incisional hernia is a protrusion of tissue which occurs tive and frequently used to reinforce soft tissues providing a sup-
through a defect in the site of a surgical scar that has failed to heal port for tissue reconstruction, organ prolapse repair and closure

* Corresponding author at: Ctra. N-521, km 41.8, 10071 Caceres, Spain.
E-mail address: jgarcia@ccmijesususon.com (J.G. Casado).
! These authors equally contributed and should be regarded as co-first authors.

https://doi.org/10.1016/j.actbio.2018.02.014

of large wounds. The majority of surgical meshes are produced
with synthetic material such as polypropylene, polyester,
expanded polytetrafluoroethylene (ePTFE) or Polyvinylidene fluo-
ride (PVDF). From these, polypropylene is the most commonly used

1742-7061/© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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due to its versatility, mechanical stability and strength, demon-
strating to be an inert and hydrophobic material resistant to bio-
logic degradation [1]. All these synthetic components can be
combined with a wide range of additional materials (i.e. titanium,
omega 3, hyaluronate or extracellular matrix) [2,3].

Regarding to mesh fixation methods, different procedures and
materials are currently used. Briefly, the fixation can be performed
by sutures, staples or tacks [4], but also by cyanoacrylate which has
been proved to be a simple and effective method for fixation [5].
The use of fibrin glue (also called fibrin sealant) was introduced
in 1909 and used for skin graft fixation in the 40's. In the last
two decades, fibrin glue has been widely used for mesh fixation.
In fact, in a systematic review with 5993 recruited patients under-
going surgical mesh fixation with Tisseel/Tissucol (brand names of
fibrin glue), it was demonstrated that this procedure does not
increase the risks associated to inguinal hernia (recurrence and
complications such as hematoma or bleeding) and decreases the
risk compared with tissue-penetrating fixation methods. Addition-
ally, the use of fibrin glue in the repair of incisional hernias signif-
icantly decreased both postoperative morbidity and duration of
hospital stay [6].

Another systematic review including twelve randomized clini-
cal trials demonstrated that, in three out of twelve clinical trials,
significantly lower rates of chronic pain were observed using fibrin
glue compared to sutures. Moreover, a significant reduction in
operative time was reported in five out of twelve clinical trials
[7]. In the last years, several reviews have been also focused in
the comparison of biologic adhesives with tacking. Most of pub-
lished results suggest that, there is less pain when using biologic
adhesives than with tacking [8]. Additionally, in a rat animal model
for incisional hernia, Petter-Puchner et al. demonstrated that fibrin
sealant yielded excellent fixation when compared to stapling, and
histology revealed good tissue integration and neovascularization
in all groups. The biomechanical investigations also revealed that
fibrin sealant in combination with meshes provided a remarkably
high initial tensile strength and no dislocation occurred [9].

Apart from the adhesive properties of fibrin sealants, the biolog-
ical role of fibrin clots has been studied from different perspectives.
Basically, fibrin clots are rapidly formed in response to injuries to
any part of the vascular system but artificial clots can be formed
by mixing purified fibrinogen and thrombin. In vivo experiments
for colonic anastomosis demonstrated the presence of infiltrating
neutrophils into the fibrin sealants [10] and in vitro experiments
have demonstrated that the composition of these fibrin clots has
a significant effect on neutrophils migration and influence the
wound healing process [11].

In the last 20 years, fibrin sealants combined with cells have
been successfully used for tissue engineering applications [12].
One of the first published reports demonstrated that fibrin sealants
can be used as a cell vehicle for human dermal fibroblasts in the
treatment of chronic wounds [13]. More recently, the fibrin sealant
has become the preferred scaffold for stem cell transplantation and
different types of stem cells have been combined with fibrin glue
for cell delivery: bone marrow mononuclear cells [14], bone
marrow-derived mesenchymal stem cells [15], adipose tissue stem
cells [16], embryonic stem-like [17] and Bone Mesenchymal Stem
Cells [18]. These stem cells, together with fibrin glue, have been
successfully used for osteochondral repair [17], neuroprotection
[14], bone repair [18], enhancement of nerve regeneration [16],
wound healing [15] and myocardial infarction repair [19].

Our research group has recently demonstrated that surgical
meshes coated with mesenchymal stem cells (MSCs) provide an
anti-inflammatory environment to reduce the exacerbated and
persistent inflammatory processes commonly observed after surgi-
cal mesh implantation [20]. Based on that, and considering that fib-
rin glue is widely used for mesh fixation as well as an optimal

vehicle for stem cell delivery, here we aimed to evaluate the bio-
logical and therapeutic effect of fibrin glue and mesenchymal stem
cells in the setting of incisional hernia. Moreover, as the therapeu-
tic effect of MSCs is thought to be mediated by a paracrine effect,
the exosomes released from these cells have been proposed as a
main player in their immunomodulatory activity. The potential of
these microvesicles has been described in different in vitro and
in vivo studies with promising results [21]. Taking into account
the advantages that a cell-free based therapy offers with respect
to a cell-based therapy, we decided to study the effect of these
microvesicles conveyed in fibrin glue in our incisional hernia
model.

Our in vivo study was evaluated from different points of view:
histological, tissue-infiltrated leukocytes, macrophage polarization
and gene expression analyses on explanted meshes (TH1/TH2
cytokines, matrix metalloproteinases or MMPs, tissue inhibitor of
metalloproteinases or TIMPs and collagens I/III). In summary, here
we show that, the characterization of tissue infiltrated leukocytes
is in agreement with our previous studies where MSC-coated sur-
gical meshes were used [20]. Moreover, this preliminary in vivo
study suggests that the fixation of surgical meshes with fibrin glue
and mesenchymal stem cells or exosomes will have a beneficial
effect for the treatment of incisional hernia in terms of changes
in the extracellular matrix structure, reduction of inflammatory
responses and control of foreign body reactions.

2. Materials and methods

2.1. Isolation, expansion and characterization of murine mesenchymal
stem cells for in vivo assays

Murine bone marrow-derived MSCs were isolated from femurs
of three euthanized B6D2 mice aged between 2 and 6 months and
weighted between 20 and 25 g. The cells were flushed via needle
and syringe. Cell suspension was filtered through a 40 um nylon
mesh and mononuclear cells were isolated by centrifugation over
Histopaque-1077 (Sigma, St. Louis, MO). Mononuclear cells were
recovered and washed twice with PBS. Finally, mononuclear cells
were resuspended in DMEM containing 10% FBS, seeded onto tis-
sue culture flasks and expanded at 37 °C and 5% CO,. Following
48 h in culture, non-adherent hematopoietic cells were removed.
Adhered cells were passaged at 80-90% confluence by 0.25% tryp-
sin solution (Lonza Walkersville, Inc., Walkersville, MD) and
seeded onto new culture flask at a density of 5000-6000 cells/
cm?. Culture medium was changed every 3-4 days. The murine
MSCs were used at passages 10-15 for in vivo experiments.

For phenotypic analysis 2 x 10° cells were stained with murine
monoclonal antibodies (mAbs) against CD29, CD44, CD90, CD105,
MHC class I and MHC class Il and incubated for 30 min at 4 °C with
an appropriate concentration of mAbs in the presence of PBS con-
taining 2% FBS. The cells were washed and re-suspended in PBS.
The flow cytometric analysis was performed on a FACScalibur
cytometer (BD Biosciences, CA, USA) after acquisition of 10° events.
Viable cells were selected using forward and side scatter character-
istics and analyzed using CellQuest software (BD Biosciences, CA,
USA). Isotype-matched negative control antibodies were used in
the experiments. The mean relative fluorescence intensity (MRFI)
was calculated by dividing the mean fluorescent intensity (MFI)
by the MFI of its negative control.

Additionally, the differentiation potential of MSCs was assayed
using standard protocols to promote osteogenic, adipogenic and
chondrogenic differentiation. Cells were cultured for 21 days with
differentiation specific media (Gibco Life Sciences, Rockville, MD,
USA), which was replaced every three days. Oil Red O, Alcian Blue
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and Alizarin Red S stainings were performed to evidence adi-
pogenic, chondrogenic and osteogenic differentiation, respectively.

2.2. Isolation, purification and characterization of mesenchymal stem
cell-derived exosomes

Mesenchymal stem cells-derived exosomes (exo-MSCs) were
obtained from murine bone marrow-derived MSCs cultured in
175 cm? flasks. When cells reached a confluence of 80%, culture
medium (DMEM containing 10% FBS) was replaced by exosome
isolation medium (DMEM containing 1% insulin-transferrin-
selenium). Supernatants were collected every 3-4 days. To elimi-
nate death cells and debris, the supernatants were centrifuged at
1000xg for 10 min and 5000xg for 20 min at 4 °C, and passed
through a 0.22 um filter. About 15 ml of these supernatants were
ultra-filtered through 3 kDa MWCO Amicon® Ultra devices
(Merck-Millipore, MA, USA). Samples were spun at 4000xg for
60 min and 200-300 pl of concentrated supernatant were collected
and stored at —20 °C.

Prior to in vivo experiments, the concentrated supernatants were
characterized by total protein quantification, nanoparticle tracking
analysis and flow cytometry. First, exosome concentrations were
indirectly measured by protein quantification in a Bradford assay.
To quantify protein concentration, 20 ul of exosomes sample were
incubated with 180 pl of Bradford reagent (Bio Rad Laboratories,
Hercules, CA) at RT. Absorbance was read 5 min after at 595 nm,
and protein concentration was extrapolated from a standard con-
centration curve of Bovine Serum Albumin. The concentration and
size of the particles were measured by nanoparticle tracking analy-
sis (NanoSight Ltd, Amesbury, UK) that relates the rate of Brownian
motion to particle size. Results were analyzed using the nanoparticle
tracking analysis software package version 2.2.

For flow cytometric analysis, exosomes were conjugated with
latex beads. Briefly, 5 g of exosomes were incubated overnight
at 4 °C with 10 pl of aldehyde/Sulfate latex beads (4pm) (Molecu-
lar probes, Life Technologies, Carlsbad, CA, USA). A total of 110 pl of
1M glycine was added and after 30 min of incubation, samples
were centrifuged, washed and re-suspended in a final volume of
0.5 ml PBS/0.5% BSA. These exosome-coated beads were incubated
for 30 min at 4 °C with anti-CD9 murine mAb (BD Biosciences, San
Jose, CA, USA). After incubation, the exosome-coated beads were
washed and re-suspended in PBS/0.5% BSA. The flow cytometry
analysis was performed on a FACScalibur cytometer (BD Bio-
sciences, San Jose, CA, USA). Isotype-matched control antibodies
were used as negative controls.

2.3. Fibrin glue preparation

The fibrin glue was prepared using thrombin (500 IU/ml) and
fibrinogen (80 mg/ml). These compounds were mixed at a ratio
1:1 using a fibrin glue applicator. This fibrin glue applicator was
based on a dual syringe (dual-plunger with a joining Y-piece and
an application cannula). Every mesh was fixed with a total volume
of 400 pl of fibrin glue.

2.4. Mesenchymal stem cells and fibrin glue admixture

The MSCs were detached from flasks with 0.25% trypsin solution,
counted and adjusted at 4 x 10° cells/ml. A total of 1.6 x 10° cells in
400 ul of DMEM were mixed in thrombin (500 IU/ml) at 1:1 ratio.
The cell suspension was then mixed at a ratio 1:1 with fibrinogen
(80 mg/ml) using a fibrin glue applicator. A final volume of 400 pul
of the final solution was used for every mesh fixation, containing
4 x 10° cells.

The viability of MSCs in fibrin glue was measured in terms of
metabolic activity by a CCK-8 assay according to manufacturer’s

instruction. Briefly, MSCs were admixed with fibrin glue and cul-
tured for 2 days in DMEM. MSCs cultured under standard condi-
tions were used as controls. Additionally, MSCs admixed with
fibrin glue shape was examined under a microscope at 20X
magnification.

2.5. Exosomes from mesenchymal stem cells and fibrin glue admixture

Exosomes from mesenchymal stem cells (exo-MSCs) were
slowly thawed prior to be mixed with fibrin glue solution. A total
of 200 ul of exosomal proteins at 20,000 pg/ml was admixed 1:1
with thrombin (500 IU/ml) and 1:1 with fibrinogen (80 mg/ml).
Finally, the thrombin-exosomes dilution was mixed with
fibrinogen-exosomes dilution using a fibrin glue applicator. A final
volume of 400 pl containing 4000 g of exosomal proteins were
used for mesh fixation.

2.6. Incisional hernia model and surgical procedures

Animal care and all experimental procedures were approved by
the Committee on the Ethics of Animal Experiments of Minimally
Invasive Surgery Centre and fully complied with recommendations
outlined by the local government. 16 ICR mice aged 3-5 months
and weighted 35-40 g were used in this study. The animals were
divided into four groups. In the first group (n = 4), surgical meshes
were fixed with simple stitches (—/—). In the second group (n = 4),
the surgical meshes were fixed with fibrin glue (FG/-). In the third
group (n=4), the surgical meshes where fixed with fibrin glue
admixed with MSCs (FG/MSCs). In the fourth group (n = 4), the sur-
gical meshes where fixed with fibrin glue admixed with exo-MSCs
(FG/exo-MSCs).

The murine incisional hernia model performed bilaterally using a
method inspired on a model reported in previous studies [22].
Briefly, once the animals were anesthetized, the abdomen was tri-
chotomized. A small incision of 0.7-0.8 cm length was made on
the skin at each side of the abdomen. A muscular and aponeurotic
fragment with a diameter of 0.6 cm was removed from the abdomi-
nal wall below each incision. Polypropylene surgical meshes (Assu-
mesh, Assut Europe, Rome, Italy) were implanted in the
preperitoneal space, covering each of the defects (Fig. 1). The surgical
meshes (1 cm?) were fixed with simple stitches or 400 pl of FG, FG/
MSCs or FG/exo-MSCs. Finally, the skin incisions were sutured with
a 5-0 polydioxanone monofilament absorbable suture (PDSII ™,
Ethicon, Johnson & Johnson, NJ, USA) by 4-5 simple stitches.

2.7. Anesthesia and analgesia procedures

Animals were pre-medicated intraperitoneally with 2 mg/kg
meloxicam (Metacam®, Boehringer Ingelheim, Ingelheim am
Rhein, Germany) and 0.06 mg/kg buprenorphine (Buprex®,
Schering-Plough, NJ, USA). Inhalant anesthesia was induced in a
chamber with 3% isoflurane and maintained with 1.5-2.0% isoflu-
rane through a nosecone. Oxygen flow was maintained at 0.5-
1.0 I/min during all the procedure. Once the mesh was implanted,
during the first three days from surgery, 10 mg/ml paracetamol
(Apiretal®, ERN, Barcelona, Spain) were administered in drinking
water and 0.1 mg/kg buprenorphine were injected subcutaneously
each 12 h. Euthanasia was performed by carbon dioxide asphyxia-
tion at day seven following surgery.

2.8. Histological analysis in explanted meshes

Surgically implanted meshes were excised from euthanized ani-
mals. The excised meshes were used for flow cytometry analysis,
quantitative real-time PCR (qQRT-PCR) and histological analysis. For
histological analyses, the whole layer composed by the skin, mesh
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Fig. 1. Murine incisional hernia model and surgical mesh implantation. The incisional hernia was bilaterally created in study groups. Non-absorbable polypropylene-made
surgical meshes (1 cm?) were implanted and fixed with simple stitches, FG, FG/MSCs or FG/exo-MSCs.

and muscular-peritoneum was fixed in paraformaldehyde 4%,
paraffin-embedded and sliced in 5-8 um thickness. Histological
samples were stained for Hematoxylin-Eosin and Masson
Trichrome.

2.9. qRT-PCR studies in explanted meshes

For transcriptional analysis studies, total RNA from the cells
retained in the excised meshes was purified using TRI-Reagent
(Sigma, St. Louis, MO, USA) according to the manufacturer's
instructions.

cDNA was synthesized in reverse transcription reaction using
Superscript IlI reverse transcriptase (Invitrogen). For PCR amplifi-
cation, commercial gene expression assay kits were used (Life
Technologies, Thermo Fisher Scientific Inc.) (Table 1). The qRT-
PCR was performed using TagMan probes in a 7300 Real-Time
PCR System (Applied Biosystems, Thermo Fisher Scientific Inc.).
The gRT-PCR products were quantified by fluorescent method
and the expression of each gene was calculated using the 2-AA¢
expression as described by Livak and Schmittgen [23]. Gene ratios
were calculated using 2~ values. All samples (n =4 per group)
were analyzed separately and normalized using Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) as a housekeeping control
gene. For 2722 calculation, —/— group was used as calibrator.

2.10. Phenotypic analysis of tissue-infiltrating leukocytes in explanted
meshes

Phenotypic analysis of infiltrating leukocytes in explanted
meshes was performed by flow cytometry. Briefly, explanted
meshes were submerged in PBS and cells were detached with a
0.25% trypsin solution. 2 x 10° cells were incubated for 30 min at
4 °C with appropriate concentrations of mAbs in the presence of
PBS containing 2% FBS. Cells were stained with murine FITC-
conjugated anti-Ly6C (Miltenyi Biotec) and murine PerCP-
conjugated anti-CD45 (Miltenyi Biotec). The percentage of CD45
+cells was quantified on total infiltrating cells. Additionally,
CD45 + gated cells were used to quantify the percentage of M1
and M2 macrophages. For that, macrophages were gated according
to FSC, SSC, CD45 expression and the expression of Ly6Chigh was
used to identify distinct macrophage subsets. Although it is a very
simplistic way to categorize M1 and M2 macrophage, the CD45+/
Ly6C high population could be defined as M1 macrophages and
predominantly inflammatory. On the contrary, the CD45+/Ly6C
low population correspond to M2 macrophages with anti-
inflammatory characteristics.

Table 1
Gene ID and commercial references for gene expression assays.

Gene (Gene ID)

GAPDH (14433)
MMP2 (17390)
MMPS (17394)
MMP9 (17395)
MMP13 (17386)
TIMP1 (21857)
TIMP2 (21858)
TIMP3 (21859)
TIMP4 (110595)
COL1al (12842)
COL3a1 (12825)
IFN-g (15978)
TNF-a (21926)
1L-12a (16159)
1L-10 (16153)
1L-4 (16189)
IL-13 (16163)

Life Technologies Assay ID

Mm99999915_g1

MmO00439498_m1
Mm00439509_m1
Mm00442991_m1
MmO00439491_m1
MmO01341361_m1
MmO00441825_m1
MmO00441826_m1
MmO01184417_m1
Mm00801666_g1

Mm01254476_m1
MmO00801778_m1
MmO00443258_m1
Mm00434165_m1
Mm00439616_m1
Mm00445259_m1
MmO00434204_m1

2.11. Statistical analysis

Data were statistically analyzed with SPSS-21 software (SPSS,
Chicago, IL, USA) using the one-way ANOVA test followed by a
post-hoc Tukey test for variables with a parametric distribution.
For non-parametric variables, a Kruskal-Wallis test was performed,
followed by a Mann-Whitney U test to evidence differences
between groups. Those p-values <0.05 were considered statisti-
cally significant.

3. Results

3.1. Phenotypic analysis and multipotentiality of murine-derived
mesenchymal stem cells

The stemness markers expression profile of MSCs was CD29+/
CD44+/CD90+/CD105+/HLA class I+/HLA class II- (Fig. 2A) and
the differentiation assays towards adipogenic, chondrogenic and
osteogenic lineages demonstrated their multipotentiality
(Fig. 2B). Moreover, these cells, when cultured in the presence of
fibrin glue, showed a fusiform morphology after 2 days under stan-
dard culture conditions and revealed an optimal viability (Fig. 2C).

3.2. Size distribution and exosome specific markers in exosomes
derived from MSCs

The cell culture supernatants from MSCs were enriched up to 50
times with centrifugal filter concentration devices. Protein
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Fig. 2. Characterization and morphology of MSCs. A) Phenotypic analysis of MSCs was performed by multicolor flow cytometry. Representative histograms are shown. The
expression level of cell surface markers (CD29, CD44, CD90, CD105, MHC class I and MHC class II) is represented as Normalized Mean Relative Fluorescence Intensity (MRFI)
which is calculated by dividing the Mean Fluorescent Intensity (black filled histograms) by its isotype control (gray lined histogram). The MRFI values are included in the
upper right corner of the histograms. B) Adipogenic, osteogenic and chondrogenic differentiation of MSCs stained with Oil Red O, Alizarin Red S and Alcian Blue 8GX and
confirmed by microscopic examination at 20x magnification. C) Morphology and shape of MSCs admixed with fibrin glue at 20x magnification.

quantification in exosome-enriched supernatants was performed
by Bradford assay. The resulting protein concentration in
exosome-enriched supernatants was 20,000 pig/ml.

Additionally, a nanoparticle tracking analysis was performed in
order to fully characterize these exosomes (size distribution and
particle concentration were quantified). Fig. 3A shows a represen-
tative analysis of nanoparticle tracking with a mean size and stan-
dard deviation of isolated vesicles between 150 and 200 nm.
Finally, CD9 (an exosomal marker) expression was found to be pos-
itive in these vesicles (Fig. 3B).

3.3. Surgical mesh implantation in an incisional hernia model

No mortality or bleeding complications were observed in mice
during the surgical procedure or during the follow up period (7
days). The duration of the surgical procedure was 63 + 21 min per
animal. Our results demonstrated that the surgical procedure, fix-
ation method and treatments were safe, well tolerated and simple
to perform.

Additionally, considering that safety aspects is one of the major
issues in stem cell-based therapies, this animal model was useful
to determine the hypothetical adverse effects of MSCs and exo-
MSCs admixed with FG. Seven days after implantation, the macro-
scopic evaluation of incisional hernia and implanted meshes

showed a normal conformation of tissues. Surgical adhesions, effu-
sions or tissue fibrosis were not observed in any of the groups (data
not shown).

3.4. Histological evaluation at the implantation site and phenotype of

infiltrating leukocytes

Microscopic alterations in the different study groups were eval-
uated in surgically implanted meshes as well as in the adjacent tis-
sues. As shown in Fig. 4A, the HJE staining demonstrated an
increased infiltration of leukocytes in all surgical meshes fixed
with FG. However, no visual differences were found when FG,
FG/MSCs and FG/exo-MSCs were compared. No differences
between study groups were found in terms of hemorrhage, necro-
sis or neovascularization. The MT stain demonstrated that there
were no significant differences in collagen depositions around
implanted meshes (Fig. 4A).

Apart from histological findings, our study was also focused on
the identification and characterization of tissue-infiltrating leuko-
cytes. This analysis was performed by flow cytometry in explanted
surgical meshes at day 7. The percentage of infiltrating leukocytes
(CD45 + cells), M1 macrophages (CD45+/Ly6C high) and M2
macrophages (CD45+/Ly6C low) was quantified and compared
between study groups. Our results demonstrated that, the percent-
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Fig. 3. Characterization of exo-MSCs. A) Frequency size distribution graph of exo-
MSCs. The nanoparticle tracking analysis was performed to quantify size distribu-
tion and particle concentration. B) Representative histogram of CD9 expression
(black filled histograms) in exosome-coated latex beads together with the negative
control (gray lined histogram).

age of infiltrated leukocytes (CD45 + cells among total cells) was
significantly increased when explanted meshes from control group
(—/-) were compared with meshes fixed with FG, FG/MSCs and FG/
ex0-MSCs (Fig. 4B). No differences were found in the percentage of
infiltrated leukocytes when FG, FG/MSCs and FG/exo-MSCs were
compared (Fig. 4B). Additionally, the distribution of macrophages
subsets in explanted surgical meshes was also analyzed by flow
cytometry. The statistical analysis demonstrated a significant
decrease of CD45 + Ly6C high cells, in the explanted meshes from
groups FG/MSCs and FG/exo-MSCs when compared to FG. Similarly,
a significant decrease was found when FG/MSCs were compared to
—/— group (Fig. 4C). Regarding to CD45 + Ly6C low, our results
demonstrated a significant increase of these cells in the explanted
meshes from groups FG/MSCs and FG/exo-MSCs when compared to
FG/—. Moreover, a significant difference was found when compared
—/— and FG/exo-MSCs groups (Fig. 4D).

3.5. Gene expression analysis in explanted surgical meshes:
inflammation-related cytokines

TH1/TH2 cytokines (IFN-y, TNF-o, IL-12a, IL-10, IL-4 and IL-13)
gene expression was quantified in explanted meshes and com-
pared between groups. In this analysis, the gene expression from
MSCs and exo-MSCs are also shown. No significant differences
were observed for IFN-y, TNF-o, IL-12a (TH1 cytokines) and IL-
10. However a significant increase in IL-4 and IL-13 (TH2 cytoki-
nes) was found in FG/MSCs when compared to FG/— and —/—. Fur-
thermore, a statistically significant increase of IL-13 was found in
FG/exo-MSCs when compared to —/— group (Fig. 5).

3.6. Gene expression analysis in explanted surgical meshes: MMPs and
TIMPs

Regarding to MMPs, the results obtained in the transcriptional
analysis revealed a significant decrease of MMP2 in FG, FG/MSCs
and FG/exo-MSCs groups when compared to —/— group (Fig. 6A).
No differences were found in MMP8 (Fig. 6B) and MMP13
(Fig. 6D). Moreover, a significant increase of MMP9 was found in
FG/MSCs groups when compared to —/— and FG/— groups
(Fig. 6C). Regarding to TIMPs, we only found a significant decrease
of TIMP2 in FG/— group when compared to —/— group (Fig. 6A-D).
On the other hand, the MMPs/TIMPs ratios were calculated and dif-
ferent groups were also compared. It is interesting to note that, sta-
tistically significant differences were observed in MMP2/TIMPs and
MMPY/TIMPs ratios (Fig. 6A and C, respectively) but not in the
MMP8/TIMPs and MMP13/TIMPs ratios (Fig. 6B and 6D, respec-
tively). In the case of MMP2/TIMPs ratio (Fig. 6A), a significant
decrease of MMP2/TIMP1 was observed for FG/MSCs when com-
pared to —/—. Similarly, a significant decrease was observed in
MMP2/TIMP2 when FG/—, FG/MSCs and FG/exo-MSCs groups were
compared to —/—. Moreover, a significant decrease of MMP2/
TIMP3 was found in FG/— when compared to —/— and several dif-
ferences were also found in the MMP2/TIMP4 ratio (Fig. 6A).
Regarding to MMP9/TIMPs ratio a significant increase of MMP9/
TIMP1 and MMP2/TIMP2 was found in FG/MSCs when compared
to —/— and FG/— groups (Fig. 6C).

3.7. Gene expression analysis in explanted surgical meshes: Collagen |
and IIl

The expression of COL1A1 and COL3A1 genes (which encode the
major component of type I collagen and type III collagen respec-
tively) was quantified in explanted meshes from different groups
atday 7. Ourresults demonstrated that COL1A1 and COL3A1 expres-
sion was significantly reduced in FG/—, FG/MSCs and FG/exo-MSCs
when compared to —/— group. Moreover the COL1A1/COL3A1 gene
expression ratio was also analyzed showing a significant decrease in
the FG/MSCs group when compared to FG/— (Fig. 7).

4. Discussion

Synthetic surgical meshes have been used for over 5 decades for
the treatment of hernias. This material provides an additional sup-
port to weakened or damaged tissue such inguinal hernia (the most
common), femoral hernia or incisional hernia. In the case of inci-
sional hernia, it occurs when abdominal wounds are unable to heal
properly and the implantation of prosthetic meshes seems to be the
ideal treatment for the reinforcement of soft abdominal tissue.
Unfortunately, several adverse effects such as pain and patient dis-
comfort are reported, but new materials and new designs have been
developed to reduce adverse inflammatory reaction, chronic pain or
mesh erosion [24]. In the last decades, surgical mesh improvements
have been focused on the biocompatibility of materials and the
mechanisms to permit the transmigration and localization of bene-
ficial host cells [25]. Moreover, different coatings have been clini-
cally tested in propylene meshes to reduce foreign body reaction
and increase biocompatibility [26,27]. More recently, pre-seeding
of acellular implants with stem cells from different sources demon-
strated an improvement of tissue integration and vascularization as
well as an accelerated healing process in comparison with their
inert counterparts [28,29]. In relation to this, the combination of
surgical meshes with adult stem cells has been tested by our group
in preclinical settings demonstrating an anti-inflammatory effect of
MSCs-coated meshes which is mediated through the polarization of
macrophages towards M2 phenotype [20].
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Fig. 4. Histological evaluation and characterization of tissue-infiltrating leukocytes. A) At day 7 post-implantation, the whole layer composed by the skin, mesh and
muscular-peri of euth d animals was fixed in paraformaldehyde 4%, paraffin-embedded, sliced in 5-8 pum thickness and stained for hematoxylin-eosin (H/E) and
Masson Trichrome (MT). B) Flow cytometry analysis of CD45+ cells among total cells in explanted surgical meshes at day 7. C) Percentage of Ly6C high cells among CD45+
leukocytes in explanted surgical meshes at day 7. D) Percentage of Ly6C low cells among CD45+ leukocytes in explanted surgical meshes at day 7. Graphs represent the mean
+SD of 4 independently performed experiments. Data were statistically analysed using a one-way ANOVA test followed by a post-hoc Tukey test for variables with a
parametric distribution (¥CD45 and %CD45/Ly6C high). For non-parametric variables (%CD45/Ly6C low), a Kruskal-Wallis test was performed, followed by a Mann-Whitney U

test to evidence differences between groups. Horizontal bar represents statistically significant differences (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

On the other hand, fixation methods for surgical mesh implan-
tation are a matter of debate. Absorbable or non-absorbable
sutures with tacks as well as double crown without sutures have
been compared in a clinical trial [30]. In animal models, mesh fix-
ations have been compared between non-absorbable sutures, fib-
rin glue, non-absorbable spiral tacks and absorbable screw-type
tacks suggesting that the best fixation method may be achieved
using a combination of the studied materials [31].

This paper aimed to evaluate the dual role of fibrin glue, as a
surgical mesh fixation method and as a cell and exosome vehicle

for the treatment of incisional hernia. The usage of fibrin glue as
a scaffold for stem cell transplantation has been previously tested
in multiple scenarios for tissue engineering [12] and more espe-
cially in osteochondral repair [32] and myocardial infarction [19].
However, the innovative aspect of this study has been to evaluate
the biological effect of MSCs and exo-MSCs co-administered with
fibrin glue in an incisional hernia model.

To implement cell based therapies in clinical settings, one
important aspect to be considered, together with the regulatory
issues, is the feasibility of this implementation. Recently, numer-
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Fig. 5. Gene expression of immune-related soluble factors on surgically implanted meshes. At day 7 post-implantation, total RNA from explanted meshes was isolated and
qRT-PCR products were quantified by the 2~ method using GAPDH as housekeeping gene and —/— as calibrator group. Graph represents the mean + SD of 4 independently
performed experiments. Data were statistically analysed using a one-way ANOVA test followed by a post-hoc Tukey test. Horizontal bars represents statistically significant

differences (*p < 0.05, **p < 0.01).

ous Advanced-therapy Medicinal Products (ATMP) achieved mar-
ket authorization but failed to secure reimbursement (e.g., Glybera,
Provenge, ChondroCelect, MACI) [33]. For this reason, it is impor-
tant to ensure that the incremental benefit of the novel ATMP is
proportionate to its incremental cost above current therapeutic
approaches [34]. Finally, regarding to market access for cell thera-
pies, and in agreement with Rémuzat et al., we consider that a high
manufacturing costs and price of FG/MSCs or FG/exo-MSCs treat-
ments will be compensated only if this product leads to important
additional patient benefits compared to available treatment
options [35].

It is important to note that, although MSCs have been previ-
ously tested in combination with surgical meshes [20,36] and more
recently in decellularized scaffolds seeded with autologous MSCs
for the treatment of inguinal hernia rabbit models [37], to our
knowledge, this is the first report where exosomes derived from
MSCs have been combined with surgical meshes.

In our first in vitro studies, the isolated, expanded and charac-
terized murine bone marrow-derived MSCs were demonstrated
to be positive for stemness markers with multipotent lineage
potential. Additionally, our in vitro results of viability and prolifer-
ation (data not shown) demonstrated that the FG composition
should be carefully tested prior to be used as a stem cell vehicle.
Here we report that, the concentration of fibrinogen and thrombin
(80 mg/ml and 500 IU/ml respectively) was found to be optimal for
cell delivery and the pH of fibrinogen and thrombin solutions
should range between 6.5 and 7.5 to maintain the viability of FG-
admixed cells. These results are similar to those obtained by Ho
et al. who demonstrated that fibrinogen and thrombin solutions
may vary the proliferation rates of hMSCs [38].

Our next set of experiments was driven to isolate and character-
ize the exosomes derived from murine bone marrow-derived
MSCs. The concentration, size and expression of exosomal markers
demonstrated that the isolation protocol was simple and repro-
ducible for using these vesicles as a therapeutic product. Actually,
our characterization of murine bone marrow-derived MSCs was
very similar to previous publications using human and porcine-
derived exosomes [39,40].

Our in vivo assays were performed in a murine incisional hernia
model. Although incisional hernia model has been previously
described for pigs, rabbits and rats, the murine model offers several
advantages, especially in terms of availability of laboratory
reagents and consumables. Certainly, this animal model allowed
us a better understanding of local inflammatory reaction and the
identification of infiltrated inflammatory cells.

The anatomopathological analysis of surgical meshes at day 7
revealed an infiltration of leukocytes in surgical meshes with FG
(independently of the co-administration with exo-MSCs or MSCs).
Previous reports had already demonstrated an increase of infil-
trated cells, mainly leukocytes, into the fibrin network [41] sub-
jected to the regulation by chemo-attractant factors such as
fibrinopeptides, fibronectin or enzymatically active thrombin
[42]. Similarly, in previous studies using surgical meshes mixed
with fibrin glue, the histological examinations revealed that fibrin
glue was capable of triggering a stronger fibrous reaction and
inflammatory response [43]. It is important to consider that, the
inflammatory reaction might also be a specie-related phenomenon
because of the allogeneic reaction against human-derived fibrino-
gen/thrombin in the animal model [44] and according to this
author, this inflammation may be advantageous for surgical mesh
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Fig. 6. Gene expression of MMPs and TIMPs on surgically implanted meshes. At day 7 postimplantation, total RNA from explanted meshes was isolated and qRT-PCR products

were quantified by the 2~ method using GAPDH as a housekeeping gene and —/— as
mean + SD of 4 independently performed experiments. Data were statistically analysed
represents statistically significant differences (*p < 0.05, ***p < 0.001, ****p < 0.0001).

implantation as it may improve tissue incorporation. Indeed, the
reinforcement given by these prosthesis does not occur due to
the material itself but by the tissue produced around the mesh
fibers [45]. In relation to this, the use of FG for the fixation of
polypropylene meshes has been previously related to a reduction
of postoperative pain in comparison with sutures or cyanoacrylate
[46,47], and to a marked fibroblastic ingrowth into the grafts when
compared to staples [44], being suggested as a more suitable
method for mesh fixation than conventional ones.

Once the histological sections of implanted surgical meshes
were evaluated, our analysis of infiltrated leukocytes by flow
cytometry corroborated the histological findings showing an

calibrator group. Gene ratios were expressed as 2~ values. Graph represents the
using a one-way ANOVA test followed by a post-hoc Tukey test. Horizontal bars

increase of leukocyte cells (CD45+) in all the groups receiving FG.
When compared to FG/— and —/— group, our results demonstrated
a decrease of infiltrated M1-inflammatory macrophages together
with an increase of M2 macrophages in surgical meshes when
MSCs were co-administered. These results are similar and confirm
our previous studies using MSCs-coated meshes [20]. Interestingly,
the decrease of inflammatory macrophages was also observed
when exo-MSCs were co-administered. Regarding the group with
exosomes, we found a significant decrease of M1 macrophages
when compared to —/— and FG/— groups as well as an increase
of M2 macrophages when compared to FG/— group. The
immunomodulatory effect of these exosomes has been previously
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Fig. 7. Gene expression of Collagen Type I Alpha 1 and Collagen Type Il Alpha 1 on surgically implanted meshes. At day 7 post-implantation, total RNA from explanted
meshes was isolated and qRT-PCR products were quantified by the 224 method using GAPDH as a housekeeping gene and —/— as calibrator group. Gene ratios were
expressed as 2~ values. Graph represents the meanSD of 4 independently performed experiments. Data were statistically analysed using a one-way ANOVA test followed
by a post-hoc Tukey test. Horizontal bars represents statistically significant differences (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

described under in vitro conditions against T cell activation [40]
and in animal models in the setting of synovitis [40] and cardiovas-
cular diseases [48]. More recently, Lo Sicco et al. have also demon-
strated in vitro that extracellular vesicles released by MSCs induced
a shift in the balance of macrophages towards a M2 phenotype
[49], which is coincident with our in vivo results.

In order to fully characterize the local inflammatory response,
gene expression analysis of TH1/TH2 cytokines was analyzed.
Our results demonstrated a significant increase of TH2 cytokines
(IL-4 and IL-13) in surgical meshes where FG was co-
administered with MSCs or exo-MSCs. These results sustain our
previous analysis of infiltrated M1/M2 macrophages, suggesting
that M2 macrophages may promote this TH2 response. This
hypothesis is based on previous studies which demonstrated that
MSCs induce the increase of IL-4 secretion by TH2 cells [50].

Altogether, these results indicate that, although MSCs and exo-
MSCs did not show any decrease of the inflammatory response in
terms of CD45 + cells -a response that, as stated before, could be
beneficial for tissue incorporation-, they were able to modulate
this response towards a less aggressive and pro-regenerative pro-
file, which could have an impact in the prevention of the develop-
ment of a foreign body reaction without decreasing the ability to
incorporate new tissue to reinforce the weakened tissue. The gene
expression analysis was also analyzed in the therapeutic products
(MSCs and exo-MSCs) and considered as reference parameters. In
the analysis of TH1/TH2 and MMPs and TIMPS, when compared
MSCs and exo-MSCs, our results showed statistically significant dif-
ferences (3 out of 16 analyzed genes), so according to Ekstrom
et al., mRNAs could be specifically packed into the exosomes by a
specific mechanism [51].

Finally, this study was also focused in the analysis of MMPs,
TIMP and collagens which have been closely related with the
development of inguinal hernia [52] and incisional hernia [53].
Regarding to MMPs and TIMPs our first set of results demonstrated
a very high expression of MMP2, TIMP2 and TIMP3 in MSCs control
samples (in vitro cultured MSCs under standard conditions), which
is coincident with previous reports that demonstrated how these
molecules were involved in the invasive capacity of MSCs [54].

Regarding to the analysis of MMPs and TIMPs in explanted
meshes, the most relevant results were found in MMP9 expression
evaluation. Based on a previous publication from Ben David et al.,
here we hypothesize that the increase of MMP9 in the tissue could
be the consequence of MMP9 secretion by implanted MSCs [55].
Moreover, as suggested by this publication, the MMP9 release
could also be induced by inflammatory cytokines. Supporting this

idea, other authors have also demonstrated that umbilical cord-
derived MSCs secrete MMP9 enabling collagen degradation [56].
On the other hand, according to a publication from Lolmede et al.
a second hypothesis may explain our findings [57] and the high
levels of MMP-9 in surgically implanted meshes could be the con-
sequence of MMP-9 release from M2 polarized macrophages. Inde-
pendently of MMP9 source, the high expression of this molecule in
surgical meshes may be associated with an early process of neo-
vascularization and angiogenesis [58,59].

Apart from MMPs and TIMPs expression, MMPs/TIMPs ratios
were also analyzed. The alteration of these ratios has been reported
in human incisional hernia tissues [53] and the increase of MMP9/
TIMP1 and MMP9/TIMP2 in surgical meshes fixed with FG and
MSCs may indicate alterations in the microstructure and loss of
extracellular matrix. In contrast, the decrease of MMP2/TIMP1
and MMP2/TIMP2 may reflect a successful wound-healing [60] in
our murine incisional hernia model.

Finally, type I and type III collagen gene expression showed a
significant decrease in all surgical meshes fixed with FG. Moreover,
the type I and type III ratio was significantly different when com-
pared FG/— and FG/MSCs. Taking into account that hernia forma-
tion and recurrence is associated with a decreased type I/III
collagen ratio [61], these results may indicate that fixation meth-
ods using FG would improve the biomechanical strength of surgical
meshes having thick collagen fibers in the surrounding tissue.

5. Conclusions

To our knowledge this is the first preclinical study where MSCs
and exosomes derived from MSCs have been used in combination
with surgical meshes for the treatment of incisional hernia. Here,
we firstly demonstrated that FG can be used as a stem cell vehicle
for surgical mesh fixation. The histological and cellular identifica-
tion of infiltrated leukocytes demonstrated that MSCs and exo-
somes reduce M1 inflammatory macrophages infiltration. The
gene expression analysis of TH1/TH2 corroborated this observation
showing a predominance of TH2 cytokines in those meshes where
MSCs or exosomes were used. Finally, the gene expression analysis
of MMPs, TIMPs and collagen /I ratio showed significant differ-
ences, suggesting changes in the extracellular matrix structure.

This study demonstrates the potential beneficial effect of MSCs
and exo-MSCs on the modulation of the immune response and
healing process after mesh implantation. To corroborate the results
obtained, further studies need to be performed concerning differ-
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ent aspects. Firstly, in vivo assays in a clinically relevant animal
model will be performed to extrapolate the preclinical results to
the clinical scenario. Secondly, the therapeutic effect of MSCs and
exo-MSCs should be further evaluated with other mesh structures
and materials.
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become attractive tools to improve their biocompatibility and tissue integration, minimizing adverse
inflammatory reactions. However, current studies are highly heterogeneous, making it difficult to estab-
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lish comparisons between cell types or cell coating methodologies. Moreover, only a few studies have
been performed in clinically relevant animal models, leading to contradictory results. Finally, a thorough
understanding of the biological mechanisms of mesenchymal stem cells in the context of foreign body
reaction is lacking. This review aims to summarize in vitro and in vivo studies involving the use of differ-
entiated and mesenchymal stem cells in combination with surgical meshes. According to preclinical and
clinical studies and considering the therapeutic potential of mesenchymal stem cells, it is expected that
these cells will become valuable tools in the treatment of pathologies requiring tissue reinforcement.

Statement of Significance

The implantation of surgical meshes is the standard procedure to reinforce tissue defects such as hernias.
However, an adverse inflammatory response secondary to this implantation is frequently observed, lead-
ing to a strong discomfort and chronic pain in the patients. In many cases, an additional surgical inter-
vention is needed to remove the mesh.

Both differentiated cell- and stem cell-based therapies have become attractive tools to improve bio-
compatibility and tissue integration, minimizing adverse inflammatory reactions. However, current stud-
ies are incredibly heterogeneous and it is difficult to establish a comparison between cell types or cell
coating methodologies. This review aims to summarize in vitro and in vivo studies where differentiated
and stem cells have been combined with surgical meshes.
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1. Introduction

Surgical meshes are medical devices designed to reinforce and
stabilize weakened tissue, frequently used for the treatment of
incisional hernia, pelvic organ prolapse, and stress urinary inconti-
nence [1-3]. The implantation of surgical meshes by open surgery
or laparoscopy is a common procedure. According to bioengineer-
ing parameters, the “ideal mesh” should be inert, resistant to infec-
tions, and flexible, with long-term tensile strength and rapid mesh-
tissue integration [4]. It is important to note that the concept of
“ideal mesh” is closely related to the pathology to be treated. In
this sense, urogynecologic meshes (for stress urinary incontinence
and pelvic organ prolapse) are implanted in tissues which are
mechanically, anatomically, and biologically different from
abdominal or inguinal hernias. Currently, non-absorbable meshes
are the most widely-used implants for tissue reinforcement in
hernia-related complications; their successful integration involves
histopathological and immunological changes providing long-term
strength, stability, and durability [5].

The majority of non-absorbable surgical meshes are made of
polypropylene, polyester, expanded polytetrafluoroethylene
(ePTFE), or polyvinylidene fluoride (PVDF). Out of these materials,
polypropylene is the most commonly used due to its versatility,
mechanical stability, strength, lower risk of bacterial infections,
and resistance to biological degradation [6]. These synthetic
meshes have been combined with a wide range of compounds to
improve their biological properties [7,8]. Several studies have
demonstrated that the physical-mechanical properties of
implanted meshes are closely related to the pore size, weight,
and elasticity of the mesh. They can also be divided into ultralight,
light, standard, or heavy categories [9] and classified in terms of
tensile strength (N/cm?, MPa). Animal models have demonstrated
that multifilament hydrophobic meshes exhibit an increased bac-
terial persistence when compared to monofilament polypropylene
[10]; furthermore the risk of infection is inversely correlated with
the pore size of surgical meshes [11-13].

It is important to note that these non-absorbable meshes can
lead to pathological changes such as adherence to visceral organs,
hardening, shrinking, fibrosis, calcification, thrombosis, and infec-
tions, all of which are related to clinical symptoms such as chronic
pain and discomfort [14-16]. These adverse effects are frequently
reported in patients with urogynecological disorders where tissue
erosion at the implantation site is particularly common [17-19]. At
present, the unacceptable failure rate of surgical interventions is a
matter of debate in the FDA (Food and Drug Administration) and
EMA (European Medicines Agency) [20,21]. In October 2008, after
a review of adverse events, the FDA supplied a Public Health Noti-
fication about the safety and effectiveness concerns over the use of

surgical meshes for the transvaginal repair of pelvic organ prolapse
[22]. Given the high number of reports of injury, death, and mal-
function, in 2011 the FDA issued an Update on the Safety and Effec-
tiveness of Transvaginal Placement for Pelvic Organ Prolapse [23]
as well as a Safety Communication [24] to inform patients and
health care providers about the risks associated with urogyneco-
logic meshes. In light of these warnings, many devices were
removed from urogynecological use [25].

In hernia-related disorders, several complications are possible
after mesh implantation [26]; however compared to pelvic organ
prolapse or stress urinary incontinence, the failure rates are signif-
icantly lower [27].

Apart from non-absorbable meshes, both absorbable and bio-
logical meshes are being used to decrease post-operative complica-
tions. Absorbable meshes are gradually absorbed over time to
minimize the amount of foreign material remaining. In theory,
these meshes should be capable of reducing the intense foreign
body reaction and immune response encountered with non-
absorbable meshes [5]. Biological meshes are composed of decellu-
larized tissue with a dense network of collagen and biological fac-
tors which positively influence wound healing. In comparison to
synthetic materials, biological meshes increase the safety of mesh
implantation in contaminated areas [5]. They can be crosslinked to
delay degradation and increase their stability; however, crosslink-
ing seems to decrease the biocompatibility of the material as well
as the strength of incorporation into host tissue [28,29]. It is impor-
tant to note that also patient-specific factors may differently influ-
ence the wound-healing response to the same biological mesh,
modifying the implantation environment and mesh degradation
[30].

In the last decade, cell-based therapies have become attractive
tools for improving host tissue infiltration and integration of surgi-
cal meshes. In the case of mesenchymal stem cell (MSC) based
therapies, these cells have been found to exhibit an anti-
inflammatory effect and a pro-regenerative potential thus enhanc-
ing wound healing and tissue repair [31,32]. An autologous
approach to MSC therapy (i.e., using cells from the patient’s own
body) may be safer in that it avoids unwanted immune responses,
yet it presents obvious drawbacks in the time frame for treatments
and clinical costs. Allogeneic therapies offer the possibility of
administering cells as an “off-the-shelf” product that can be sub-
jected to more stringent quality control than autologous products
[33]. Recent studies demonstrate that allogeneic MSCs are not
immunoprivileged, exhibiting both cell- and humoral-mediated
immune responses to major histocompatibility complex (MHC)-
mismatched MSCs [34-36]. In any case, under the authors’ point
of view, both autologous and allogeneic MSCs may provide safe
and clinically applicable therapies in the field of surgical meshes.
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Therefore, the purpose of this review is as follows: (I) to provide an
overview of in vitro and in vivo studies where differentiated cells
have been combined with surgical meshes; (II) to summarize cur-
rent research on surgical meshes and mesenchymal stem cell-
based therapies; and (Ill) to describe and classify the sequential
mechanisms that occur after surgical-mesh implantation and the
role of MSCs in these mechanisms.

2. Differentiated cell-based applications for surgical mesh
implantation

2.1. Fibroblast-based therapy

One of the main disadvantages of non-absorbable materials is
the induction of adverse foreign body reactions [37]. To ameliorate
this problem, various studies have been conducted attempting to
enhance the biocompatibility of these materials. As shown in
Table 1, autologous differentiated cells have been combined with
biomaterials and in vitro and in vivo assays have been performed
to assess tissue regeneration.

A number of in vitro studies have been conducted to assess the
feasibility of combining non-absorbable surgical meshes and
fibroblasts. One of the first studies was developed by Kapischke
et al., who analyzed cell adherence, proliferation, and collagen
deposition in human foreskin fibroblasts co-cultured with three
different polypropylene meshes (commonly used for abdominal
wall repair). This study demonstrated that fibroblasts were able
to colonize the meshes within 4-6 weeks and produce collagen
deposits, suggesting that cells may modify the biomaterial surface
by the deposition of extracellular matrix components prior to col-
onization [38]. Similarly, four years later, Skala et al. performed an
in vitro study to determine a suitable technique for fibroblast-
coating of different meshes (commonly used for urinary inconti-
nence and pelvic organ prolapse). The authors reported that the
best coating was achieved with xenograft-based meshes. More-
over, they concluded that polypropylene meshes showed an
acceptable fibroblast-coating rate and that the poorest coating
was observed with polyester and modified polypropylene meshes.
Interestingly, small-pore polypropylene meshes showed higher
coating rates than those with larger pores [39].

To decrease tissue ingrowth and adhesions to the viscera,
Canuto et al. designed a two-layer polypropylene mesh for hernia
repair composed of a macroporous light mesh (parietal side) and
a thin, transparent, nonporous film (visceral side). The authors
incubated BJ fibroblast (a human-derived fibroblast cell line) with
the two-layer mesh for 7, 14, and 21 days. They observed that the
formation of the cell coating on the macroporous layer was suc-
cessful, while no cell growth occurred on the film. The production
of type I collagen by fibroblasts, was significantly increased during
the experimental time frame. Finally, an increase in proinflamma-
tory factors at day 7, followed by a decrease at days 14 and 21, was
shown [40]. These results highlight the fact that not only the com-
position of the mesh, but also its design, is a determinant for tissue
integration and host response.

A recent report from Guillaume et al. used self-manufactured
silk meshes combined with lectin (wheat germ agglutinin). In this
study, the authors aimed to enhance the cytoadhesion and cyto-
compatibility of surgical meshes by testing lectin pretreatment.
Their results demonstrated that NIH3T3 fibroblast (a mouse-
derived fibroblast cell line) had a significantly higher binding affin-
ity to the lectin-treated silk when compared to untreated silk. Also,
after 4 days of culture, the fibroblasts were able to colonize silk
meshes (with a higher number of cells in lectin-treated meshes),
but not the polypropylene meshes used as a control. Moreover,
they demonstrated that the presence of the lectin did not have a

negative effect on either the proliferative behavior of fibroblasts
nor the immunogenicity of the mesh. In fact, when they compared
the release of 11-6 and IL-8 from peripheral blood lymphocytes co-
cultured with untreated or lectin-treated silk meshes, no signifi-
cant differences were found. Additionally, when polypropylene
meshes were compared with silk meshes, the cytokine levels were
lower on silk meshes [41]. It is important to note that although silk
is known to degrade completely within approximately two years
[42], it is usually classified as a non-absorbable material due to
its prolonged persistence in the body [43-45].

In summary, all fibroblast-based therapies have a common
objective: to improve mesh-tissue integration, especially on mate-
rials with a hydrophobic surface and low cell adhesion rate such as
polypropylene [6]. Coating these materials with fibroblasts results
in a superior biocompatibility, as these cells secrete extracellular
matrix components that modify the mesh surface [38]. Taking into
account the low adhesion properties of non-absorbable meshes
while considering that the coating of cells is difficult when macro-
porous meshes are used [39], pretreatments with hydrophilic sub-
stances may help to attain a better proliferation rate, achieving the
coating of fibroblasts in a shorter period of time.

2.2. Blood cell-based therapy

One component that has acquired importance in the field of
regenerative medicine is platelet-rich plasma (PRP). Although its
use has largely been focused on osteoarticular diseases, the
promising results obtained in other clinical situations have made
of PRP a valuable tool for tissue healing and regeneration. In
2015, Medel et al. used PRP to promote human vaginal fibroblast
attachment to synthetic meshes, thus increasing the healing poten-
tial of the material in pelvic organ prolapse. In comparison to
meshes without PRP, pre-incubation with PRP significantly
increased fibroblast adhesion to polypropylene and polyglactin
meshes [46]. The importance of PRP in this study is relative, as it
was used strictly as a “supplement” to improve the adhesion of
fibroblasts to meshes, being these cells the therapeutic agent.

PRP was also used to improve mesh biocompatibility in two
related preclinical studies. In the first one, the authors implanted
a PRP-coated polypropylene mesh in the abdomen of female rab-
bits, evaluating the production of types I and Il collagen and the
inflammatory infiltrate at 7, 30, and 90 days. No significant differ-
ences were found at 7 and 30 days; the authors stated that the
absence of difference at day 7 provided evidence that PRP does
not alter the initial inflammatory response. Additionally, a signifi-
cant increase in type I and type III collagen in the PRP group at
7 days was reported, suggesting a possible acceleration of the heal-
ing process mediated by PRP. To the contrary, there was a signifi-
cantly higher inflammatory cell infiltration in the PRP group at
day 90 when compared to control meshes. Assuming that the con-
tinued migration of these cells (mainly macrophages and lympho-
cytes) favors wound healing and repair, the authors suggested that
this increase might help to consolidate late phase tissue repair
[47]. In opposition to this hypothesis, several reports suggest that
a prolonged inflammatory reaction after mesh implantation is
commonly related to a long-lasting and adverse foreign body reac-
tion [37,48,49]. It is likely that the characterization of the inflam-
matory infiltrate observed at day 90 would help to elucidate the
biological implication of this reaction.

The results of the second study showed important differences
when compared with the first one, even though the methodology
was similar in terms of animal model, type of mesh, time points,
and determinations. In this case, the meshes were implanted
between the vaginal epithelium and the rectovaginal fascia. This
difference in the implantation site mandates the consideration of
certain experimental conditions to evaluate the results of each
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Cell-coating methodology performed in the different studies using synthetic materials.
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Study Type of  Cell type Cell dose Mesh (material) Coating methodology Main outcomes
study
Fibroblast- ~ Kapische Invitro  Human foreskin 300 000 cells/  SurgiPro™ (PP) Cells seeded on top of the  Fibroblasts proliferated and
based et al,, 2005 fibroblasts ml on drop Parietene3 PP1510% mesh with a low volume of produced collagen deposits
therapy [38] form on a (PP) culture medium. Addition on PP meshes. Cells may
0.5 x 0.5 cm VIPRO 11” (PP) of fresh culture medium modify the hydrophobic
mesh 12 h later. Evaluation at 1,  surface by deposition of
fragment 4, and 6 weeks. ECM components before
colonization.
Skalaetal, Invitro Human vaginal 107 cells in Monarc* (PP) Cells seeded on top of the ~ The best coating rate was
2009 [39] fibroblasts 1 ml seeded Obtape® (PP) mesh with a low volume of achieved by Surgisis® and
onto 2 x 3 Timesh® (Titanized PP)  culture medium. Addition Pelvicol®. PP meshes had
cm mesh Pelvitex® (coated PP of fresh culture medium 5h  an intermediate outcome
with hydrophilic later. Evaluation at 5h and  (better in meshes with
porcine collagen) 5 weeks. smaller pores) and the
Mersilene® (PE) worst results were
Surgisis® (Porcine obtained with PE and
intestinal submucosa)’ modified PP.
Pelvicol® (Acellular
collagen matrix)
Canuto Invitro  BJ human fibroblasts Not indicated  ClearMesh Composite Cells seeded on wells with  Fibroblasts proliferated on
etal, 2013 (PP) the meshes. Evaluation at 7, the macroporous layer but
[40] 14, and 21 days. not on the film. Collagen
deposition increased with
time. Inflammatory
cytokines increased at
7 days and decreased at 14
and 21 days.
Guillaume  Invitro  NIH3T3 fibroblasts 700 000 cells/ Optilene® (PP) Lectin WGA pretreatment Lectin pretreatment
etal, 2016 well (24 well  Self-manufactured and incubation of meshes improved binding affinity
[41] plate) on a (Silk) with cell suspension for and cell number growing
mesh held by  Self-manufactured 4 days. on meshes. PP mesh
a cell crown (Silk treated presented worse outcomes
with lectin WGA) than silk meshes.
Medel Invitro  PRP+Human vaginal 5x5mm Viceryl® (PG) Pre-incubation of meshes Fibroblasts showed better
Blood et al, 2015 fibroblasts mesh coated Restorelle® (PP) + PRP for 30 min followed attachment to mesh when
cell- [46] with 0.2 ml of by co-culture of meshes treated with PRP.
based PRP. +cells for 2 h.
therapy 50 000 cells
in 500 pl
seeded onto
each mesh.
Avilaetal., Invivo PRP PRP gel PP Placement of PRP gel (PRP  Abdominal location:
2016 [47]  (rabbit) obtained + calcium gluconate) increased inflammatory
Parizzi from 10 ml of covering the mesh after its  infiltrate at 90 days and
etal, 2017 blood on implantation. Evaluation at  collagen I and I1I deposition
[50] 1x1cm 7, 30, and 90 days. at 7 days in PRP-coated
mesh meshes.
Vaginal location: decreased
inflammatory infiltrate at
day 30 and increased
collagen III deposition at
90 days in PRP-coated
meshes.
Gerullis Invitro  PBMCs/plasma/platelets 12 ml of VitaMesh™ (PP) Incubation of mesh +blood  Coating with plasma and
etal, blood DynaMesh® (PVDF) component for 12 h. platelets increased the
2013a [51] component MotifMesh™ (PTFT) Evaluation after co-culture  adherence score in all
on2x2cm TVT PP (PP) with expanded tissue meshes tested.
mesh UltraPro® (PP probes for 6 weeks and
reinforced with PC) 4 months.
Proceed” (PP
encapsulated with
PDS)
Mersilene® (PET)
Gerullis In vivo Autologous plasma Not indicated  Dynamesh® (PVDF) Incubation of mesh Autologous plasma-coated
etal, (sheep) UltraPro® (PP + autologous plasma for meshes showed better
2013b [52] reinforced with PC) 12 h prior to implantation.  biocompatibility in terms
Gerullis TVT PP (PP) Evaluation after 3, 6, 12, of thickness of
etal, 2014 and 24 months, or 5, 20, 60, inflammatory tissue,
53] and 120 min. connective tissue, and

macrophage infiltration
than non-coated meshes at
later time points. At early
time points, no differences
were found.

(continued on next page)
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Table 1 (continued)

Study Type of  Cell type Cell dose Mesh (material) Coating methodology Main outcomes

study
Barski Clinical ~ Autologous plasma Not indicated ~ Seratim® PA (PP, PGA Incubation of mesh The implantation of
etal, 2014 study and CL) +autologous plasma for autologous plasma-coated
[54] Vitamesh™ (PP) 30 min prior to meshes was safe and

UltraPro® (PP
reinforced with PC)
TVT PP (PP)

implantation. The improved functional
remaining plasma was outcome and quality of life
spilled over the regardless of the mesh
implantation site. type.

Evaluation after

implantation and at 6-

8 weeks.

" Absorbable materials; CL: caprolactone; ECM: extracellular matrix; PBMC: peripheral blood mononuclear cells; PC: poliglecaprone; PDS: polydioxanone; PE: polyester;
PET: polyethylene terephthalate; PG: polyglactin 910; PGA: polyglycolic acid; POP: pelvic organ prolapse; PP: polypropylene; PRP: platelet-rich plasma; PTFT: polyte-

trafluoroethylene; PVDF: polyvinylidene fluoride; WGA: wheat germ agglutinin.

study. Vaginal and abdominal tissues have different biomechanical
properties, moreover, as the authors state, abdominal implants are
placed in a sterile environment, while vaginal implants are placed
in a potentially contaminated environment. In this study, the group
without PRP showed a significant increase in the inflammatory
infiltrate at 30 days that was not reported in the PRP group. More-
over, there was a significant increase of type III collagen in the PRP
group at day 90 [50]. It is important to highlight that the evaluation
of these two studies was based on histological analysis without
quantitative determinations of inflammatory cells; therefore, reli-
able conclusions cannot be drawn.

Similarly, Gerullis et al. developed a series of studies evaluating
the combination of surgical meshes and autologous plasma. In the
first in vitro approach, the authors analyzed tissue ingrowth on
seven commercial meshes used for different surgical purposes
and coated with peripheral blood mononuclear cells (PBMCs), pla-
telets, or plasma. They concluded that plasma and platelet coating
improved in vitro biocompatibility and that the PVDF mesh exhib-
ited the best cell-adherence score [51]. In the next study, three
meshes (previously scored as good, intermediate, and poor in
terms of tissue ingrowth) were coated with autologous plasma
and intraperitoneally implanted in sheep. After 3, 6, 12, and
24 months, foreign body reaction, scar formation, and inflamma-
tory reactions were evaluated. The best outcomes were obtained
with PVDF meshes, again suggesting a beneficial effect of autolo-
gous plasma coating [52]. An equivalent study was subsequently
performed to monitor the acute inflammatory response at shorter
time points (5, 20, 60, and 120 min); however, no remarkable dif-
ferences were observed between study groups [53].

Preclinical studies using autologous plasma and meshes
reached the clinical phase in 2014 in a clinical study that used four
different synthetically coated-meshes. These meshes were
implanted in 20 patients with pelvic organ prolapse or stress uri-
nary incontinence. Functional outcome and quality of life were
evaluated before surgery and 3 months post-surgery, showing sig-
nificant improvement in all groups, not reporting intraoperative
problems or complications associated with the mesh coating
[54]. However, the absence of a control group in this study makes
it impossible to evaluate the beneficial outcomes of this treatment
in relation to non-coated meshes. Further conclusions will require
a randomized, placebo-controlled trial.

Despite the significant number of studies addressing the use of
PRP and autologous plasma to improve mesh biocompatibility,
robust in vitro results were only achieved on cell adhesion assays
performed by Medel et al. and Gerullis et al. These studies demon-
strated optimal adhesion in meshes pretreated with blood deriva-
tives [46,51]. With the exception of the paper from Gerullis et al.
which showed a prolonged positive effect when using surgical
meshes coated with autologous plasma [52], to date, no concluding

results support a direct effect of autologous plasma or PRP-coated
meshes on biocompatibility.

2.3. Final remarks about differentiated cell-based applications for
surgical mesh implantation

Along with the previously described studies, some preclinical
studies have been conducted to appraise the combination of differ-
ent cells with biological meshes. Biological matrices such as small
intestine submucosa [55,56], muscle acellular matrix [57,58], and
bovine tunica vaginalis [59] were coated with fibroblasts or myo-
blasts and implanted in rat [55-58] or rabbit [59] models. The
cell-treated groups showed better infiltration and mechanical per-
formance [55], abundant blood vessels and myoblasts [57], better
disposition of newly formed collagen with neovascularization
[59], and/or increased vascular regeneration and mechanical
strength [56].

In summary, several studies demonstrate the beneficial effects
of cell-coated meshes in neovascularization and foreign body reac-
tion. However, the heterogeneity of these different studies renders
the comparison between cell types challenging. First, it is clear that
there are strong differences in coating efficiency with regard to
mesh material. The use of an intermediate treatment has been
found to improve cell adhesion in those materials with poor adhe-
sion outcomes. Second, the variability in methodological proce-
dures for cell coating is almost as high as the number of studies,
since each group developed its own methodology (see Table 1).
Finally, although many in vitro studies have been performed to
assess the feasibility of the combinations, little is known from
in vivo studies. Moreover, some of the studies using laboratory ani-
mal models seem to be contradictory and only a few were per-
formed in clinically relevant models such as sheep or pig, which
afford a more appropriate extrapolation of results for human clin-
ical settings.

3. Mesenchymal stem cell-based applications for surgical mesh
implantation

The use of MSCs with surgical meshes represents a new option
in the field of abdominal wall repair when soft tissue reinforce-
ment is necessary. Their differentiation, immunomodulatory effect,
and anti-inflammatory properties can be combined with the
physical-mechanical support provided by the surgical mesh itself.
However, few studies have thoroughly investigated the optimal
source of MSCs and their participation in tissue remodeling and
inflammation.

Based on a bibliographic search, it can be stated that two types
of MSCs have been most frequently used for stem cell therapy in
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Mesenchymal stem cell-coating methodology performed in the different studies using synthetic materials.
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Study Type of  Cell type Cell dose Mesh (material) Coating methodology Main outcomes
study
Altman et al,,  In vivo Rat ASCs 0.5 x 10° cells per side  Strattice® (porcine Meshes seeded with cells under ASCs migrated, proliferated and
2010 [61]  (rat) of a 3 x 1cm ellipse of ADM) standard culture conditions enhanced the vascularity at the
mesh immediately before surgery. musculofascial/graft interface,
improving the incorporation of
the mesh into the abdominal wall.
lyyanki et al,  In vivo Rat ASCs 2.5 x 10* cells/cm? Strattice™ (porcine Cells seeded on meshes and ASCs improved tissue remodeling
2015 [62]  (rat) onto scaffolds of 6 mm  ADM)’ cultured for 0.5, 1, and 2 h. by increasing cellular infiltration
diameter and vascularization of the mesh
and improving the mechanical
properties of the mesh at the
mesh-tissue interface.
Ochoa et al., In vitro Human 30 000 cell/cm? Porcine dermal tissue  Cells seeded on meshes and “The cross-linking treatment
2011 [63] ASCs cultured increased cell adhesion and the
for 1 to 7 days. mechanical properties of the
collagen meshes after seeding.”
Mestak et al, In vivo Rat ASCs 3 x 10° cells seeded on  Non-crosslinked ECM" Cells seeded on meshes and ASCs-meshes did not improve
2014 (28]  (rat) 2 x 3 cm mesh then Permacol® (crosslinked ~ cultured for 4 days. capsule thickness, foreign body
cultured for 4 days porcine-derived ECM)’ reaction, cellularization, or
vascularization compared with
acellular meshes. The strength of
incorporation was increased by
ASC seeding but only in the non-
crosslinked ECM.
Cheng et al., In vivo Rabbit Not indicated PP Cells seeded on meshes prior to ADSC-fixed PP mesh was less
2017 [64]  (rabbit)  ASCs implantation. corroded, induced a milder
chronic inflammatory response,
had lower scores for
inflammation, and higher scores
for neovascularization and
fibroblastic proliferation than the
PP mesh alone.
Li et al, 2013  In vivo Rat ASCs 2 x 10° cells/ml in Self-manifactured Cell suspension dripped onto the ~ ASCs adhered and proliferated on
[66] (rat) 500 pl seeded onto a (Silk) meshes. Incubation for 30 min, silk fibroin scaffolds. These
20 mm x 20 mm then addition of culture medium. constructs possessed favorable
scaffold Incubation under standard mechanical properties and
culture conditions for 7 days with  biocompatibility and promoted
medium replacement every day.  autologous tissue formation.
Blazquez In vitro Human 2,4,and 8 x 10°cellsin  Surgimesh® (PP) Co-culture of meshes pre-coated =~ MSC-coated surgical meshes
etal, 2016 Invivo ASCs 2 ml of medium placed with gelatin from porcine skin or  could be cryopreserved and did
165] (mouse) Murine in a vial together with a poly-L-lysine hydrobromide not trigger adverse effects when
BM-MSCs 2 x 2 cm mesh +cells for 1, 2, or 4 h at 37 °C. compared to acellular meshes.
MSCs exerted an
immunomodulatory effect
mediated by anti-inflammatory
macrophages.
In vivo Rabbit BM- 1.5 ml cellular Porcine ADM Cells seeded on meshes three BM-MSCs prevented hernia
Zhao et al, (rabbit)  MSCs suspension (2 x 10° times. Constructs cultured for recurrence and improved the
2012 [67] cells/ml) per gram of 7 days prior to implantation. gross and histological appearance
mesh (3 x 4cm) of the implants, as well as
improving angiogenesis.
Zhang et al., In vivo Rabbit BM- 1 x 107 cells/ml in 2 ml  Sheep decellularized Cells suspended in a collagen- BM-MSCs prevented hernia
2017(68] (rabbit)  MSCs of collagen I gel aorta’ medium solution and seeded onto  recurrence, increasing cell
+medium seeded and and injected into the mesh four infiltration, tissue regeneration,
injected 4 times times in a week. and neovascularization.
Majumder In vivo Rat BM- Not indicated Parietex™ (PE) Cell-coating achieved by placing MSC-coating improved collagen
etal, 2016 (rat) MSCs TIGR® (PGA and PLA mesh on top of a monolayer of deposition and ingrowth,
[69] composite) cells. Medium refreshed every especially in the biologic mesh
Strattice® (porcine 2 days. when implanted in the
ADM)’ subcutaneous onlay position.
Palini et al., In vivo Human 72 x 10%/ml bone Crosslinked acellular Cells mixed with a platelet gel PRP and BM-MSCs improved
2017 [70]  (human) autologous marrow nucleated cells porcine dermal (autologous PRP, plasma, mesh biocompatibility, reducing
BM-MSCs (20 ml)+ 1.2 x 10%/ml collagen’ thrombin, gluconate calcium) and inflammation and adhesion
+PRP autologous PRP (5 ml) spread over the mesh. formation.
spread over a
20 x 30 cm mesh
Gao et al., In vitro Rat MSCs Not indicated Soft Mesh® (light Mesh placed on top of a confluent MSCs covered the entire meshes
2014a [71] Human weight PP) monolayer cell culture. Glass in only 2 weeks, regardless of the
dermal Parietex”-TET (PE) beads to hold the mesh in place. ~ material. The highest cell
fibroblasts TIGR® (PGA and PLA Addition of new cells every densities were produced on
Rat kidney composite) 2 days, until complete coating of  Parietex and TIGR.
fibroblast Marlex” (heavy weight the meshes was achieved.

PP)
Strattice® (porcine
ADM)’

(continued on next page)
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Study Type of  Cell type Cell dose Mesh (material) Coating methodology Main outcomes

study

Gao et al,, Rat MSCs Soft Mesh® (light “MSC coating blunted the
2014b [72] Human weight PP) immunogenic effect of both

dermal Parietex”-TET (PE) synthetic and biologic meshes
fibroblasts TIGR® (PGA and PLA in vitro.”

composite)

Strattice® (porcine

ADM)

Spelzini et al., In vivo Rat BM- 25 x 10° cells seeded Surgisis® (porcine SIS)  Suspension of cells poured onto “MSCs reduced the systemic

2015 (73]  (rat) MSCs onto 20 x 20 mm Pelvicol® (porcine the PP meshes through pipetting.  inflammatory response on
meshes, then cultured ADM)’ Drop seeding with a 25-gauge synthetic implants and improved
7 days Gynemesh® (PP) needle on SIS mesh. Medium collagen characteristics at the
Pelvitex® (PP coated changed after 4 h, then every 3- interface between biological
with porcine collagen) 4 days. grafts and native tissues. MSCs
enhanced the stripping force on
biological explants”.

Blazquez In vivo Murine 4 % 10° cells or 4000 pg ~ Assumesh® (PP) Meshes fixed with fibrin glue MSCs and their exosomes
etal, 2018 (mouse) BM-MSCs of exosomal proteins in admixed with MSCs or exo-MSCs  modulated the inflammatory
[74] and exo- 400 pl onto a 1 cm? responses toward a less

MSCs mesh aggressive and pro-regenerative
profile.

Suetal.,, 2014 In vitro Human 50 000 cells/cm 2 PA Cells seeded onto the scaffold. PA + G scaffolds allow endMSC
[76] endMSCs PA coated with gelatin ~ Culture of the constructs under delivery, proliferation and

standard conditions, refreshing differentiation into smooth
the medium every 2 days. muscle cells and fibroblasts.

Ulrich et al., In vivo Human 250 000 cells in 100 1l PA coated with gelatin  Cells seeded on top of the 12% “Seeding with endMSC exerts an
2014 [77]  (rat) endMSCs of medium onto a porcine gelatin-coated meshes. anti-inflammatory effect and

10 x 25 mm mesh and Incubation for 24-48 h with promotes wound repair with new

cultured for 24-48 h regular evaluation. tissue growth and minimal
fibrosis, and produces mesh with
greater extensibility”.

Edwards In vivo Human 250 000 cells onto a PA coated with gelatin  Cells seeded on meshes coated “The endMSCs were associated
etal, 2015 (rat) endMSCs 10 x 25 mm mesh and with human fibronectin. with altered collagen growth and
[78] cultured for 24-48 h Incubation for 24-48 h prior to organization around the mesh

implantation. filaments”.

Darzi et al., In vivo Human 500 000 cells seeded PA coated with gelatin 125 000 cells/cm? seeded on Reduced inflammatory cytokine
2018 [79]  (mouse) endMSCs onto 1 x 1 cm mesh meshes coated with fibronectin, secretion in both groups of mice

then cultured for 48-72 h.
Additional 125 000 cells/mesh

added to the mesh before surgery.

with endMSC-meshes. Reduced
M1 macrophage and increased
M2 macrophage markers in
immunocompetent mice and
delayed increase in expression of
M2 macrophage markers in
immunocompromised mice with
endMSC-meshes.

* Absorbable materials; ADM: acellular dermal matrix; ASCs: adipose-derived mesenchymal stem cells; BM-MSCs: bone marrow-derived mesenchymal stem cells; ECM:
extracellular matrix; endMSCs: endometrial-derived mesenchymal stem cells; exo-MSCs: exosomes from bone marrow mesenchymal stem cells; PA: polyamide; PE:
polyester; PGA: polyglycolic acid; PLA: polylactide; PP: polypropylene; PRP: platelet rich plasma; SIS: small intestinal submucosa.

soft tissue reinforcement: bone marrow-derived and adipose
tissue-derived MSCs. Moreover, few studies have been focused
on adult MSCs derived from endometrial tissue (see Table 2). At
present, it is impossible to discern the best source of MSCs for
surgical mesh implants in terms of safety and therapeutic
efficacy.

It is important to note that regulatory aspects of MSCs-based
treatments are complex. To date, no major adverse events have
been reported following local administration of MSCs and system-
atic reviews suggest that MSC-based therapy appears to be safe in
clinical trials [60]. Autologous therapies might be safer than allo-
geneic therapies, but their clinical application in surgical meshes
would be expensive and complex. On the contrary, allogeneic ther-
apies have several advantages in terms of production and logistics,
but cellular and humoral immune responses against donor human
leukocyte antigen (HLA) following administration of these cells
may occur [34-36]. The prospective use of MSCs in the field of sur-
gical meshes remains under basic, preclinical investigation and
require substantial time and effort before achieving clinical clear-
ance and regulatory approval from the appropriate governmental
agencies.

3.1. Application of surgical mesh with adipose-derived mesenchymal
stem cells

The first study of adipose-derived mesenchymal stem cells
(ASCs) application on surgical mesh was carried out by Altman
et al. using rats with surgically-induced ventral hernias. In this
study, rat ASCs were pre-seeded onto a porcine acellular dermal
matrix (Strattice®, LifeCell Corp., Branchburg, NJ, USA) or injected
locally into the implanted mesh. The authors observed an increase
in leukocyte and vascular infiltration in the abdominal defects
2 weeks post-implantation [61]. Similarly, lyyanki et al. seeded
ASCs onto Strattice® meshes for 24 h, before repairing the induced
ventral hernia defects in rat models. In agreement with Altman
et al. [61], lyyanki et al. demonstrated that vascular infiltration
was greater in the ASC-seeded group 4 weeks after surgery, while
only one week was adequate to increase cellular infiltration. Addi-
tionally, given the increase in elastic modulus, it can be claimed
that mesh elasticity was improved by ASCs at 4 weeks. On the con-
trary, ultimate tensile strength was unaffected [62].

ASCs have also been evaluated in other biological meshes.
Ochoa I. et al. evaluated the mechanical and biological behaviors
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of ASCs combined with collagen meshes (derived from porcine der-
mis). This study demonstrated that ASCs increased the mechanical
properties of the meshes (tangent modulus, secant modulus, ulti-
mate strength, and ultimate strain) in direct correlation to the
degree of crosslinking. According to the authors, the positive effect
of ASCs may be due to their increased production of extracellular
matrix protein when seeded on crosslinked meshes [63].

It is interesting to note that preclinical studies using autologous
ASCs cultured on crosslinked and non-crosslinked porcine extra-
cellular matrices did not demonstrate any benefits for the use of
ASCs. In this study, Mestak et al. did not find any significant differ-
ences in capsule thickness, foreign body reaction, cellularization,
and vascularization when comparing these ASC-enriched grafts
with the acellular ones. According to the authors’ opinion, the
extracellular matrix mesh itself improves hernia repair, regardless
of the presence of MSCs [28].

Positive results were obtained by Cheng et al. using non-
absorbable meshes, leading to the idea that MSC-coated meshes
may have a potential use in clinical practice. These authors allo-
transplanted ASCs combined with polypropylene meshes into the
abdomens of rabbits. After 4 weeks, the ASCs induced a higher
degree of angiogenesis. Similarly, the ASC-treated rabbits showed
an increased fibroblastic proliferation coupled with a lower degree
of fibrosis, as well as a weaker inflammatory response [64].

Human ASCs were used by our group to study the anti-
inflammatory and immunomodulatory properties of MSCs in
non-absorbable meshes [65]. First, polypropylene meshes were
pretreated to improve ASC adhesion and cryopreservability. We
then conducted in vitro tests to determine lymphocyte prolifera-
tion, IFN-y production, and macrophage polarization. The presence
of ASCs on the polypropylene mesh significantly decreased the pro-
liferation rate of stimulated T cells in vitro. Moreover, intracellular
IFN-y was lower in CD8+ T cells co-cultured with MSC-coated
meshes. For macrophage polarization, when ASC-coated meshes
were co-cultured in vitro with a macrophage-like cell line (U937)
for 7 days, the differentiation of macrophages toward M1 was pre-
vented and the percentage of M2 macrophages increased [65].

Finally, although most preclinical studies using surgical meshes
and ASCs have been focused on hernia repair, these cells have also
been evaluated for pelvic reconstruction. In a recent paper from Li
et al,, silk fibroin scaffolds were fabricated with ASCs and surgically
implanted in a rat animal model. This study demonstrated an
increase in angiogenesis and collagen matrix production when
ASCs were co-administered. Moreover, silk fibroin scaffolds exhib-
ited favorable biocompatibility and optimal mechanical properties
for pelvic floor reconstruction [66].

In this section, we reported various evidence of the potentially
beneficial effect of the ASC-mesh combination. ASCs contributed to
improved tissue remodeling after mesh implantation by increasing
neovascularization [61,62,64,66], fibroblastic proliferation [64],
and collagen matrix production [66]. In addition, inflammatory
response was modulated by ASCs [64,65]. It is important to note
that the physical-mechanical properties of mesh were also
improved by ASC seeding [62-64]. Contrary to these results, the
study from Mestak et al. found neither beneficial nor adverse
effects related to the use of ASCs [28]. Given the current levels of
understanding, further preclinical studies are warranted to investi-
gate adipose tissue as a suitable source for cell-mesh coupled
therapies.

3.2. Application of surgical mesh with bone marrow-derived
mesenchymal stem cells

In a work published by Zhao in 2012, rabbit autologous bone
marrow MSCs (BM-MSCs) were seeded onto decellularized dermal
scaffolds for the treatment of abdominal wall defects in New Zeal-

and white rabbits. Animals with surgical meshes co-administered
with MSCs were compared with other animals treated with acellu-
lar meshes. Gross examination revealed no abdominal hernia
recurrence and fewer adhesions in the presence of MSCs. More-
over, histological analysis showed better tissue regeneration and
cellular infiltration, together with enhanced angiogenesis [67].
Similarly, Zhang et al. implanted a decellularized aorta combined
with autologous BM-MSCs in inguinal hernia in rabbits. As in the
previously cited study [67], these authors reported no hernia
recurrence and the presence of neovascularization in the cellular-
ized meshes. In addition, Zhang et al. observed fewer adhesions,
higher mechanical strength, and better cell infiltration and tissue
regeneration than in the acellular meshes [68].

More recently, Majumder et al. used rat BM-MSCs or rat kidney
fibroblasts to coat a non-absorbable polyester mesh (Parietex®,
Covidien, Mansfield, MA, USA), a copolymer composite resorbable
mesh (TIGR®, Novus Scientific, San Diego, CA, USA), or a porcine
skin mesh (Strattice®) and compared these cell-mesh constructs.
Independent of the position of implantation (subcutaneous onlay
or intraperitoneal underlay) and the type of mesh, MSC-coating
resulted in thicker collagen deposition compared to control surgi-
cal meshes. Even though this result may be beneficial for wound
healing in the short term, no tests were performed to evaluate
the negative effects of the excessive collagen deposition (such as
pain and tissue stiffening) in the long term [69].

Palini et al. used a slightly different approach in their 2017 case-
report in which a 71-year old woman presenting an abdominal
incisional hernia, complicated by an enterocutaneous fistula, was
treated with a crosslinked acellular porcine dermal collagen mesh
associated with autologous BM-MSCs and PRP. The authors
claimed that this treatment significantly prevented hernia relapse
and adhesion formation, improving mesh biocompatibility in this
particularly complex patient [70].

BM-MSCs were evaluated by Gao et al. to assess inflammation/
immunomodulation. A preliminary study compared the coating
efficacy of rat MSCs on four different synthetic meshes and one
biologic mesh. In vitro studies showed that MSCs did not exhibit
special substrate-preference and fully covered the mesh surface
in 2 weeks [71]. The authors completed this work by analyzing
the in vitro effect of this coating on the immunogenic potential of
the meshes. When rat MSC-coated meshes were co-cultured with
macrophages, their production of IL-1, IL-6, and VEGF signifi-
cantly decreased in comparison to non-coated meshes [72].

Spelzini et al. instead fixed the meshes Surgisis® (purified por-
cine small intestine submucosa, Cook Ireland, Limerick, Ireland)
and Pelvitex® (polypropylene, Bard), coated or not, with rat BM-
MSCs over the muscular abdominal wall of Sprague-Dawley rats.
Macroscopic evaluation, hemochromocytometric tests, histological
assessment, and mechanical tensile tests were then performed to
compare the tissue response and mechanical properties of MSC-
implants with acellular implants. The presence of the BM-MSCs,
regardless of the type of mesh, improved the conditions of the sur-
rounding tissue, especially with regard to both systemic and local
inflammatory responses. Furthermore, when the biologic mesh
Surgisis® was seeded with the cells, it exhibited a higher breaking
force and stiffness, leading to an improvement in collagen charac-
teristics at the interface between the biological grafts and native
tissues [73].

The research of Blazquez et al. considered the use of murine
BM-MSCs for in vivo studies. As described previously, polypropy-
lene meshes were pre-coated with cells and subcutaneously
implanted in a mouse model. The in vivo studies demonstrated a
polarization of infiltrated macrophages toward the M2 phenotype.
Moreover, transcriptional analysis of surgically implanted MSC-
coated meshes was evaluated by qPCR showing a significant
increase in MIP-1a, IL-1b, IL-4, IL-13, Arg-1, and iNOS gene
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expression, as well as a significant decrease in the expression of
MCP-1 and FGF-1 [65].

A recent preclinical study published in 2018 by our research
group [74], compared four different types of implants in a murine
incisional hernia model: polypropylene meshes fixed with simple
stitches; with fibrin glue; with fibrin glue admixed with murine
BM-MSCs; and with fibrin glue admixed with MSC-derived exo-
somes. The comparative assays were performed at day 7 post-
implantation. The histological analysis showed an increased leuko-
cyte infiltration in all surgical meshes fixed with fibrin glue,
regardless of the presence of MSCs or exosomes. Factors like hem-
orrhage, necrosis, neovascularization, and collagen deposition
around implanted meshes seemed not to be affected by the use
of fibrin glue, MSCs, or exosomes. Flow cytometry showed that
the use of fibrin glue fixation, without considering the absence/
presence of MSCs or exosomes, increased the percentage of infil-
trated leukocytes (CD45+ cells), M1 macrophages, and M2 macro-
phages. However, the presence of MSCs or their exosomes
produced a significant decrease in infiltrated M1 inflammatory
macrophages, together with an increase in M2 macrophages, when
compared with the meshes fixed with stitches or fibrin glue only.
Transcriptional analysis revealed that the presence of MSCs pro-
duced an increase in IL-4 and IL-13 (TH2 cytokines) when com-
pared with the other groups, while the exosomes induced IL-13
increase only. An analysis of wound-healing related to matrix met-
alloproteinases (MMPs) and tissue inhibitors of metalloproteinases
(TIMPs) was also performed. As a result, a significant increase in
MMP9 associated with neovascularization and angiogenesis was
found in the presence of the BM-MSCs. Additionally, taking into
account that hernia development seems to be triggered by varia-
tions in the MMP/TIMP balance, which increase net proteolytic
activity on the extracellular matrix network [75], Blazquez et al.
detected some variations in the MMP/TIMP ratios, demonstrating
alterations in the microstructure and successful wound-healing
when MSCs or their exosomes were applied to the surgical meshes.
More importantly, this was the first study that investigated the use
of MSC-derived exosomes coupled to surgical meshes for the treat-
ment of incisional hernia. These microvesicles are known to be
paracrine mediators of MSC immunomodulatory activity and their
potential use as a cell-free based therapy is promising [74].

BM-MSCs, when associated to surgical meshes for the treatment
of injured soft tissues, had diverse but favorable consequences,
including prevention of hernia relapse [67,68,70] and improved
mesh properties [68,70]. The tissues showed enhanced angiogene-
sis [67,68,74], thicker collagen deposition [69], and increased cell
[67,68] and leukocyte infiltration [74]. An overall reduction of
the inflammatory response was observed [73], with lower pro-
inflammatory cytokine levels [72] and macrophage polarization
toward M2 induced by BM-MSCs [65,74]. None of the studies
revealed adverse effects associated with the use of BM-MSCs.

3.3. Application of surgical mesh with endometrial-derived
mesenchymal stem cells

In 2014, an in vitro study by Su et al. demonstrated the feasibil-
ity and biocompatibility of endometrial-derived MSCs (endMSC)-
mesh constructs for pelvic organ prolapse. Polyamide meshes were
optimized with a gelatin-coating and compared with standard
polyamide meshes after seeding with endMSCs. The optimized
meshes not only positively influenced the growth rate of endMSCs,
but also proved to be an appropriate platform for endMSC differen-
tiation into smooth muscle cells and fibroblast-like cells. This study
initiated subsequent preclinical trials aimed at validating endMSC-
seeded meshes in natural hernia/prolapse models [76].

In 2014, Ulrich et al. evaluated the adherence of endMSCs to
gelatin/polyamide meshes for subcutaneous wound repair. The

study was carried out in a rat model 7, 30, 60, and 90 days post-
implantation. At day 7, the authors noted a superior organization
of the connective tissue together with a greater number of thin col-
lagen fibers and a significant neovascularization when endMSCs
were applied along with the meshes. Additionally, the highest
accumulation of CD68+ macrophages was observed in rats treated
with endMSCs. At 30 days post-implantation, M2 macrophages
became the most predominant cells when the engineered meshes
were applied. At 90 days, the rats implanted with endMSCs instead
showed very low macrophage concentration and less inflammatory
cells present around the mesh filaments in the cell-treated group.
In conclusion, seeding with endMSCs improved mesh biocompati-
bility while reducing inflammation, promoting neovascularization,
and stimulating wound repair [77].

In 2015, Edwards et al. covered gelatin-coated polyamide scaf-
folds with human endMSCs to evaluate their effect in a subcuta-
neous rat model of wound repair. By analyzing the removed
scaffolds 7, 30, 60, and 90 days after implantation, they described
not only more physiological crimped collagen deposition and orga-
nization, but also improved biomechanical properties in the
endMSC-scaffolds in comparison with the controls [78].

Darzi et al. in 2018 coated polyamide/gelatin composite meshes
with human endMSCs to repair abdominal subcutaneous wounds
in C57BL6 immunocompetent mice. These cells showed significant
immunomodulatory and anti-inflammatory properties in their
effect on macrophages. Specifically, the endMSCs seeded on the
meshes triggered a reduction in inflammatory M1 macrophages
(3 days after implantation) as well as a reduction in the secretion
of IL-1B and TNFa cytokines (7 days). At later time-points (14—
30 days), even II-1 and Tnfx gene expression levels were reduced,
while the M2 macrophage mRNA markers Argl, Mrcl, and Il10
were upregulated. The authors went on to consider whether the
endMSC immunomodulatory effect is different in the absence of
an adaptive immune system and NK cells. To answer the question,
they implanted the endMSC-coated meshes in NSG immunocom-
promised mice, obtaining a similar though delayed response, when
compared with the immunocompetent mice. Here, the endMSCs
triggered a prolonged elevation of M2 macrophages and an
increase in Mrc1 and Argl levels (day 30), as well as a reduction
in pro-inflammatory cytokine secretion and mRNA expression.
Consequently, it was demonstrated that endMSCs triggered the
induction of macrophage polarization regardless of the immune
status of the animals; however, the survival of the xenogeneic
endMSCs was a key regulator of the short-term or long-term
macrophage responses detected in the immunocompetent and
immunocompromised mice, respectively [79].

In summary, it is widely accepted that the endometrium is a
source of MSCs with angiogenic, anti-apoptotic, and immunosup-
pressive activity. These cells are emerging in recent years for use
in MSC-based therapies and, when used in combination with sur-
gical meshes, exhibit improved mesh biocompatibility [76] and
mechanical properties [78]. These endMSCs induced intensified
angiogenesis [77] as well as greater collagen deposition and orga-
nization [77,78]. Moreover, endMSCs reduced the infiltration of
inflammatory cells [77] and M1 macrophages [79] and increased
M2 macrophages [77] and TH2 cytokines [79]. Considering these
promising preclinical results, endMSCs are encouraging prospects
for clinical translation. However, further preclinical work is
required, especially in clinically relevant animal models.

3.4. Final remarks about mesenchymal stem cell-based applications for
surgical mesh implantation

According to the relevant bibliography, preclinical studies have
demonstrated that the combined use of surgical meshes with MSCs
may improve the healing outcome of damaged tissues by reducing
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adverse inflammatory reactions, providing a pro-regenerative
environment. Most of the studies were performed by coating sur-
gical meshes with MSCs purified from bone marrow
[65,67,68,70,73,74], adipose tissue [28,61-63,65,66] or endome-
trial biopsies [77-79]. Unfortunately, even when different authors
used similar cell types, the methodological variability of in vitro
and in vivo assays makes it impossible to compare their results.
However, the most prevalent effects shared by MSCs and differen-
tiated cells are neovascularization induction [56,57,61,62,64,66-6
8,74,77], increased collagen deposition [40,47,50,59,66,69,77,78],
and inflammatory cell infiltration [47,67,68], leading to improved
physical-mechanical mesh properties [55,56,62-64,68,70,78].

A key conundrum in MSC-based therapies is the duration of
MSC survival in patients. It is therefore useful to apply tracking
of in vivo MSCs in preclinical models to answer this question.
Unfortunately, only a few studies have focused on this aspect: Alt-
man et al. [61], Iyyanki et al. [62], and Darzi et al. [79] transfected
their cells with fluorescent proteins; Zhang et al. [68] and Zhao
et al. [67] used fluorescent dyes; and Ulrich et al. [77] labeled MSCs
with the carbocyanine dye DiO. Darzi et al. [79] did not detect flu-
orescent cells in immunocompetent mice 3 or 7 days after implan-
tation, while the fluorescent cells were around the mesh filaments
and in the gelatin layer. Labeled cells were found up to 2 weeks
post-implantation in three studies [61,62,77] and two authors
found labeled cells in the engineered meshes up to two months
post-implantation [67,68]. It seems clear that this aspect is contro-
versial and it might influence the putative roles attributed to MSCs
for soft tissue reinforcement.

As to the mechanism of action of MSCs, it is important to note
that in recent years, MSC efficacy has shifted toward the “paracrine
hypothesis.” It is currently well known that MSC-based therapies
are related to soluble factors released by MSCs which enhance tis-
sue regeneration and angiogenesis while reducing inflammation,
fibrosis, and apoptosis. Nearly all of the studies using surgical
meshes and MSCs have linked their beneficial effects to paracrine
mechanisms: enhancing vascularization [61,70,73,77,79], improv-
ing collagen deposition and features [73,77], promoting neo-
tissue formation [76,77,79], influencing macrophage migration,
activation and differentiation [65,77,79], and promoting wound
healing [79]. Interestingly, other studies have conferred the thera-
peutic effect of MSCs to the trans-differentiation potential of these
cells in the healing microenvironment. In this sense, some authors
report that MSC differentiation occurs toward smooth muscle cells
[76], fibroblast-like cells [73,76,77], and endothelial cells [67,68].

Finally, we should point out that all preclinical studies included
in this review varied widely in terms of animal models (mice, rats,
and rabbits) and that no studies have been performed in animal
models whose anatomy and physiology resemble the human
patient most (dogs, goats, non-human primates and pigs)
[80-82]. As a result, some contradictory results have been obtained
and further preclinical trials that follow the guidelines for experi-
mental hernia research [80] are necessary to completely and safely
translate this strategy to the clinical setting.

4. Foreign body reaction and MSC activity during surgical mesh
implantation

Foreign body reaction is the host response to implanted bioma-
terials which, after inflammation and wound healing, leads to
fibrous encapsulation of the implant. In this fibrous capsule,
macrophages and giant cells surrounded by lymphocytes and
plasma cells are accumulated around the biomaterial. In this sec-
tion, we summarize the different phases of this sequential process
together with the biological mechanisms in which the MSCs may
simultaneously participate during tissue integration of surgical
meshes (see Table 3).

4.1. MSCs in phase I of foreign body reaction: protein adsorption
process

Once the surgical mesh is implanted for tissue reinforcement, the
first step in foreign body reaction involves the adsorption of blood-
derived proteins into the material. As reviewed by Klopfleisch et al.,
protein adsorption depends on the characteristics of the biomaterial
[83]. This provisional blood clot is a fibrin-predominant matrix that
facilitates platelet adhesion. Platelets adhere to the protein coagu-
lum, mainly composed of fibrin, albumin, plasminogen, or comple-
ment factors (see Table 3). The adhered platelets release
chemoattractants such as IL-1p, platelet-derived growth factor
(PDGF), and leukotriene for the recruitment of polymorphonuclear
neutrophils (PMNs) and macrophages to initiate the inflammatory
phases and wound healing (reviewed in [83-87]).

The simultaneous implantation of MSCs and surgical meshes
first requires the cellular adhesion of MSCs to adsorbed proteins.
This adhesion might be mediated by fibrin binding. In support of
this idea, it has previously been reported that BM-MSCs can be cul-
tured in fibrin, thereby increasing the angiogenic behavior of these
cells [88]. It is important to note that the local release of chemoat-
tractants in this first step have a clear impact on the migratory
behavior of MSCs. Actually, PDGF-D (released by adhered platelets)
has been found to play a pivotal role in the growth and migration
of MSCs [89]. Finally, although this is not known with certainty,
since protein adsorption and platelet adhesion depend on the char-
acteristics of the biomaterial, the implantation of MSC-coated
meshes might initially reduce the adsorption of blood plasma pro-
teins. If this were to occur in actuality, the dynamic sequence of
foreign body reaction would be different from the one observed
after implantation of conventional meshes.

4.2. MSCs in phase II of foreign body reaction: acute inflammation
process

In the second phase of surgical mesh implantation, new plate-
lets and PMNs migrate from the blood vessels to the implantation
site. These infiltrating cells are attracted to the surface of the pros-
thetic and remain infiltrated around the prosthetic for a short per-
iod of time (from hours to a few days). Due to the size of the
implanted material, phagocytosis by PMNs is usually impossible;
during this period, the cells release proteases and granular compo-
nents. PMNs and mast cells trigger the subsequent inflammatory
response through IL-8, MCP-1, MIP1, IL-4, IL-13, and histamine,
attracting more leukocytes (reviewed in [83-87]).

When MSCs are simultaneously implanted with surgical
meshes, the participation of these cells as “invited actors” in this
phase would be related to MSC and PMN crosstalk. In support of
this, in vitro experiments have demonstrated that MSCs improve
the viability and activity of neutrophils [90,91]. Additionally,
in vivo experiments have demonstrated that resident MSCs
increase the inflammatory activity on neutrophils in the early
phases of pathogen challenge [92]. Finally, it is important to note
that in animal models, the crosstalk between neutrophils and MSCs
has been found to be crucial for the treatment of bacterial infec-
tions. In fact, the beneficial effects of MSCs in sepsis are related
to the ability of MSCs to enhance the phagocytic activity of neu-
trophils [93]. Whether MSCs in combination with prosthetics or
implants might prevent postoperative infections remains an open
question to be addressed [94,95].

4.3. MSCs in phase IlI of foreign body reaction: chronic inflammation
process

In the third phase of foreign body reaction, migrated monocytes
differentiate toward macrophages and colonize the area. This
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Table 3
Role of mesenchymal stem cells in foreign body reaction.

Foreign Body Reaction

Mesenchymal Stem Cells

Phase I: Protein adsorption [83-87] Predominant cells o Platelets Migration and adhesion of MSCs [88,89,109]
Soluble factors « Albumin « MSCs migration toward chemoattractants
« Complement factors e MSCs adhesion to fibrin
« Fibrinogen Fibronectin
o IL-1B
o Leukotriene
« Plasminogen
o Thrombin
 Vibronectin
« PDGF
o o PF4
Phase II: Acute inflammation [83-87] Predominant cells o Platelets PMNs and MSCs crosstalk [90-93,110,111]
« Mast cells 1 viability of neutrophils
o PMNs o | activity of neutrophils
Soluble factors « Coagulation factors VII, XI « | phagocytic activity of neutrophils
o Histamine
e IL-1
o 114
o IL-8
o IL-13
o MCP-1
« MIP1B
o P-selectin
o TGF-p
o TNFo
* VWF
Phase III: Chronic inflammation [83-87] Predominant cells « Macrophages Macrophage and MSC crosstalk [65,74,83,96-98]
e FBGCs e Chemoattractive response to macrophage-derived cytokines:
Soluble factors o G-CSF - PDGF
* GM-CSF - TNFa
o L4 o Immunosuppression of MSCs
o IL-6 - 1 M2 macrophages
o IL-13 - IL-4/IL-13 independent
o MCP-1
o MCP-4
* MIP1B
« PDGF
o TGF-p
o TNFo
Phase IV: Wound healing [83-87] Predominant cells « Macrophages Fibroblast and MSC
o Fibroblasts crosstalk [74,103-105]
Soluble factors « MMPs « | Proliferation/activity of fibroblasts
« TIMP « TAngiogenesis
« Angiogenic factors « | Collagen deposition
« Pro-fibrogenic factors « | Healing and remodeling

FBGCs: foreign body giant cells; G-CSF: granulocyte-colony stimulating factor; GM-CSF: granulocyte-macrophage colony-stimulating factor; IL: interleukin; MCP-1:
monocyte chemoattractant protein-1; MCP-4: monocyte chemoattractant protein-4; MIP-1B: macrophage inflammatory protein-1p; MMPs: matrix metalloproteinases;
PDGEF: platelet-derived growth factor; PF4: platelet factor 4; PMNs: polymorphonuclear neutrophils; TGF-f: tumor growth factor beta; TIMPs: tissue inhibitors of metal-

loproteinases; TNFa: tumor necrosis factor alpha; vVWF: von Willebrand factor.

phase is defined as the “chronic inflammation phase” and is char-
acterized by the presence of mononuclear cells around the bioma-
terial. Macrophages migrate toward the implantation area and
become “activated” macrophages. In vitro studies have demon-
strated that initial cell adhesion is mediated by p2 integrins and
adsorbed proteins. These adhered macrophages release chemoat-
tractants (i.e.,, PDGF, TNFao, IL-6, G-CSF, and GM-CSF) to recruit
macrophages to the biomaterial-tissue interface. These macro-
phages release not only cytokines, but also chemokines such as
MCP-1, MCP-4, and MIP18 for sustained recruitment. The tissue-
infiltrated macrophages fuse to form foreign body giant cells
(FBGCs) around the implanted biomaterial. In this process, IL-4
and IL-13 as well as the expression of mannose receptors are abso-
lutely necessary to induce this fusion. Other proteins such as CD44,
CD47, DC-STAMP, and CCL2 are known to be positively correlated
with the formation of FBGCs (reviewed in [83-87]).

The presence of MSCs in the biomaterial-tissue interface exerts
an immunomodulatory effect against tissue-infiltrated macro-
phages, macrophage fusion/FBGC formation, and subsequently on

the chronic inflammatory reaction. First, regarding the chemoat-
traction mediated by macrophages, soluble factors released by
these cells (especially PDGF and TNFa) are known to be involved
in the migratory behavior and chemoattractive response of MSCs
[96]. In the case of IL-4 and IL-13 (inductors of macrophage fusion
and necessary for the formation of FBGCs), it has been demon-
strated that the immunosuppressive activity of MSCs is IL-4 inde-
pendent [97,98]. Moreover, a previous report from Freytes et al.
using MSCs co-cultured with different M1 and M2 cytokines sug-
gested that the IL-4 and IL-13 environment did not interfere with
the viability and growth of MSCs [99]. Finally, our group has
demonstrated that MSCs adhered to surgical meshes provide an
anti-inflammatory environment by triggering an M2 polarization
[65] as well as an increase in TH2 cytokines [74]. To summarize,
MSCs are involved in phase III through the crosstalk between MSCs
and tissue-infiltrated macrophages. The anti-inflammatory and
pro-regenerative ability of MSCs favors the immunomodulation
of infiltrating macrophages toward a less aggressive and pro-
regenerative profile [65,74]. It is interesting to note that the
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prolonged presence of M2 macrophages may lead to the formation
of detrimental FBGCs [85], but this question remains unanswered
in the field of surgical meshes.

4.4. MSCs in phase IV of foreign body reaction: wound-healing process

Usually, the wound-healing phase is achieved within a few
weeks after biomaterial implantation. It is characterized by the
secretion of extracellular matrix and collagen deposition. The con-
formational changes in extracellular proteins such as collagen
improve wound repair and tissue integration of the implanted
mesh. In this step, fibroblasts become the predominant cell subset,
playing a key role in promoting tissue repair through the synthesis
of collagen. In this process, the macrophages are also involved in
tissue remodeling, secreting growth factors, angiogenic factors,
and pro-fibrogenic factors. Adhered macrophages surrounding
the material secrete MMPs and TIMPs (especially MMP8 and
TIMP-1) which are critical for remodeling the extracellular matrix
(reviewed in [83-87]).

The beneficial effects of MSCs in wound healing have been
extensively reviewed [31,100-102]. The combination of MSCs with
biomaterials such as polycaprolactone/gelatin has been found to
accelerate wound healing by promoting angiogenesis [103]. Our
group has demonstrated that MSC-coated sutures enhanced colla-
gen deposition in sutured tissues [104]. Regarding macrophage-
MSC crosstalk in the wound healing phase, Chen et al. suggested
that soluble factors released by MSCs (especially MIP-1 and 2
and MCP-5) increase the recruitment of macrophages, enhancing
wound healing [105]. Similarly, Zhang et al. demonstrated that
MSCs elicit M2 polarization in macrophages, improving wound-
healing [106]. In the field of surgical mesh implantation, our group
has also demonstrated that surgically implanted meshes combined
with MSCs participate in tissue remodeling, modifying the compo-
sition of the extracellular matrix [ 74]. Finally, the bibliographic ref-
erences describing the crosstalk between MSCs and fibroblasts are
extensive. For instance, a recent report demonstrated that exo-
somes derived from MSCs stimulate the proliferation and migra-
tion of fibroblasts [107] and optimize wound-healing through the
activation of fibroblasts [108].

5. Future perspectives for mesenchymal stem cell-based
therapies in surgical meshes

According to the preclinical studies described above and the
therapeutic potential of MSCs, it is expected that these cells will
become a valuable tool in the treatment of diseases requiring tis-
sue reinforcement. From a surgical point of view, future studies
should be conducted to develop medical devices and surgical pro-
cedures to optimize MSC delivery at the implantation site. In the
field of stem cell biology, such studies should focus on determining
the optimal source for MSC-based therapies as well as the ideal
therapeutic dose. Moreover, engineered cell-vehicles (i.e., biomate-
rial, hydrogel, or biological glue) might be necessary to ensure the
viability and tissue implantation efficacy of these cells. Our experi-
ence in preclinical models, surgery, and cell-based therapies sug-
gests that multidisciplinary and collaborative studies will lead to
the successful application of this therapy in clinical settings.
Finally, considering the economic aspects and market access for
MSC-based therapies in the field of surgical meshes, the manufac-
turing costs of such therapy will only be compensated if this pro-
duct leads to significantly improved patient outcomes compared
to available treatments. To this end, the proper balance between
costs and benefits associated with this therapy must be evaluated
further in clinical trials.
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More than a century has passed since the first surgical mesh for hernia repair was
developed, and, to date, this is still the most widely used method despite the great
number of complications it poses. The purpose of this study was to combine stem cell
therapy and laparoscopy for the treatment of congenital hernia in a swine animal model.
Porcine bone marrow-derived mesenchymal stem cells (MSCs) were seeded on
polypropylene surgical meshes using a fibrin sealant solution as a vehicle. Meshes with
(cell group) or without (control group) MSCs were implanted through laparoscopy in Large
White pigs with congenital abdominal hernia after the approximation of hernia borders
(implantation day). A successive laparoscopic biopsy of the mesh and its surrounding
tissues was performed a week after implantation, and surgical meshes were excised a
month after implantation. Ultrasonography was used to measure hernia sizes. Flow
cytometry, histological, and gene expression analyses of the biopsy and necropsy
samples were performed. The fibrin sealant solution was easy to prepare and
preserved the viability of MSCs in the surgical meshes. Ultrasonography demonstrated
a significant reduction in hernia size 1 week after implantation in the cell group relative to
that on the day of implantation (p < 0.05). Flow cytometry of the mesh-infiltrated cells
showed a non-significant increase of M2 macrophages when the cell group was
compared with the control group 1 week after implantation. A significant decrease in
the gene expression of VEGF and a significant increase in TNF expression were
determined in the cell group 1 month after implantation compared with gene
expressions in the control group (p < 0.05). Here, we propose an easy and feasible
method to combine stem cell therapy and minimally invasive surgical techniques for hernia
repair. In this study, stem cell therapy did not show a great immunomodulatory or
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regenerative effect in overcoming hernia-related complications. However, our clinically
relevant animal model with congenital hernia closely resembles the clinical human
condition. Further studies should be focused on this valuable animal model to evaluate

stem cells, animal model, hernia repair, stem cell therapy,

Marinaro et al.
stem cell therapies in hernia surgery.
Keywords: mesh, hernia,
abdominal hernia, laparoscopy
INTRODUCTION

Internal organs can move from their normal position in the body
and slip or protrude through weakened muscles and connective
tissue, thereby resulting in hernias and pelvic organ prolapses
(Baylon et al., 2017). The abdominal wall is particularly vulnerable
to weaknesses, defects, or holes that may be due to iatrogenic
causes, trauma, or congenital defects (Pulikkottil et al., 2015); these
vulnerabilities may lead to the herniation of internal viscera. The
physical location of the protrusion outward from the anterior
abdominal wall is usually used to classify hernias according to type:
inguinal hernias are protrusions outward of soft tissues through the
inguinal canal; umbilical hernias occur in correspondence with the
umbilicus; epigastric hernias are situated between the umbilicus
and chest cavity; and incisional hernias occur through a previously
made incision in the abdominal wall (Wales and Holloway, 2019).
Many hernias are not accompanied by symptoms, except for the
presence of a bulge in the abdomen. When a hernia opening in the
abdominal wall is too narrow, it is defined as “incarcerated” and
causes pain and obstruction of the intestines. Incarcerated hernias,
in which the blood supply to hernia tissues is compromised, are
defined as “strangulated” and can be associated with symptoms of
pain, nausea, vomiting, peritonitis, septicemia, and circulatory
failure (Kavic, 2005; Birindelli et al., 2017).

Repairing irregularities in the abdominal wall is necessary but
challenging. For hernia repair, surgeons usually resort to an open
suturing technique and/or mesh implantation through open surgery
procedures or laparoscopic approaches. However, in the treatment of
abdominal hernias, the application of surgical meshes has proved to
be more effective than suturing (Finan et al., 2009). Surgical meshes
are sterile, chemically and physically inert prosthetic materials that
guarantee the reinforcement of the abdominal wall such that hernia
recurrence is prevented when they are used (Lopez-Cano et al,
2018). Nevertheless, implantation of a prosthetic material, despite its
inertness, can lead to bacterial growth and infection that can delay
wound healing. Concurrently, surgical meshes can trigger an
exacerbated and chronic inflammatory reaction, leading to wound
healing but also to foreign body reaction and the formation of scar
tissues. A high proliferation of fibroblasts during the wound-healing
phase has been linked to inflammation and fibrosis, which thereby
cause contraction and shrinkage of the mesh (Baylon et al,, 2017).
Wound-healing-related issues, together with surgical complications,
may result in paresthesia, pain, adhesions, fistulas, scar entrapment
of nerves, infection, mesh migration, erosion, and rejection; these
require consequent excision (Baylon et al, 2017; Klinge and
Klosterhalfen, 2018). Researchers, physicians, and surgeons have
been fighting a two-front war for many years, trying to improve
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surgical meshes and their applications. Regarding progress in
surgical implantation, the laparoscopic approach for hernia repair
was proposed as an alternative to traditional open surgery in the
early 1990s (Eker et al, 2013). Although there remains a debate in
defining whether open surgery or laparoscopy is the “gold standard”
for hernia repair (Al Chalabi et al, 2015), surgeons have recently
pointed toward the use of robot-assisted surgery (Carbonell et al,
2018). Additionally, advances in hernia surgery deal with primary
defect closure, retrorectus mesh placement, and concomitant
component separation (Vorst et al.,, 2015).

On the other hand, the improvement in surgical meshes has
been focused on identifying and making use of the most appropriate
material. More than 200 types of meshes were reported in 2013
(Klinge et al, 2013); these meshes have different mechanical
properties, pore sizes, weight, density, constitution (monofilament
or twisted), manufacturing processes (extrusion or knitting),
anisotropy, and type of material (synthetic non-absorbable, mixed
or composite, and biological) (Rastegarpour et al., 2016). Moreover,
many biocompatible coatings have been developed to modify
surgical mesh surfaces and are aimed at protecting the prosthesis
from degradation, decreasing postsurgical inflammation,
minimizing foreign body reaction, reducing the risk of infections,
and decreasing adhesions (Majumder et al., 2015; Baylon et al,
2017; Bredikhin et al, 2020). Because of their huge therapeutic
potential, stem cells have been one of the focuses of biomedical
researchers in the last 20 years. Stem cells have a wide range of
applications in many different diseases (Sanchez et al, 2012;
Reisman and Adams, 2014; Rajabzadeh et al,, 2019) and are now
the targets of a multitude of clinical trials' aimed at treating
pathological conditions such as Crohn’s disease, urinary
incontinence, multiple sclerosis, diabetes, rheumatoid arthritis,
glioblastoma, and myocardial infarction. Stem cell therapy has
also been applied to mesh-aided hernia repair to improve the
healing outcome of damaged tissues. However, contradictory
results have been obtained (Marinaro et al., 2019).

Previous studies from our group have demonstrated that
mesenchymal stem cells (MSCs) reduce adverse inflammation
following surgical mesh application in a murine incisional hernia
model (Blazquez et al,, 2018) by promoting macrophage
polarization towards an anti-inflammatory and pro-regenerative
M2 phenotype (Blazquez et al., 2016). In the present study, we have
investigated a new approach for the treatment of abdominal
hernias. Here, we propose the combined use of surgical meshes
with MSCs for controlling an adverse inflammatory response

" https://stemcellsportal.com/stem-cells-translational-medicine-clinical-trials-
portal
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following the implantation of mesh. In addition, this study was
performed in a clinically relevant animal model (swine model of
congenital abdominal hernia) by using minimally invasive
procedures (laparoscopic approach). In this animal model, we
have investigated: (i) the use of fibrin sealant as a vehicle to favor
the adhesion of MSCs onto surgical meshes; (ii) the optimization
and application of laparoscopic surgical procedures for the
implantation of surgical meshes in a swine model of congenital
abdominal hernia; and (iii) the evaluation of the effects of MSCs on
mesh-repaired hernias. We demonstrated that fibrin sealants allow
the adhesion of stem cells onto surgical meshes. Laparoscopy is a
feasible approach for the successful implantation of stem cell-
coated meshes. Our animal model with congenital hernia, which
closely resembles the conditions of human patients with the same
hernia, should be used for further preclinical studies. Although
stem cell-based therapies have demonstrated a therapeutic
potential in murine models (and under in vitro conditions), our
experimental approach in this large animal model did not reveal
any important contribution of stem cell therapy. It is important to
note that further research is necessary to optimize the implantation
of these cells in a real surgical context.

MATERIALS AND METHODS

Ethical Considerations

The Ethics Committee on Animal Experiments of the Jestis Uson
Minimally Invasive Surgery Centre (JUMISC), Caceres, Spain,
validated all the experimental procedures according to the
recommendations outlined by the local government (Junta de
Extremadura) and EU Directive 2010/63/EU of the European
Parliament on the protection of animals used for scientific
purposes. Housing, care, and husbandry of all the animals used
throughout the study were carried out in the animal facility of
the JUMISC.

Isolation, Expansion, and Characterization
of Allogeneic Porcine Bone Marrow-
Derived Mesenchymal Stem Cells

A Large White pig (3 months old and 25 kg) was euthanized, and
allogeneic bone marrow-derived MSCs (BM-MSCs) were obtained
from its femurs by using a needle and syringe. BM-MSCs were
isolated and characterized as previously described (Casado et al,
2012). Briefly, the mononuclear cells were collected from the cell
suspension by filtration through a 40 pm nylon mesh (Fisher
Scientific, Leicestershire, UK) and centrifugation in Histopaque-
1077 solution (Sigma-Aldrich, St. Louis, MO). After washing with
phosphate-buffered saline (PBS), the mononuclear cells were
resuspended in complete cell culture medium, prepared with
Dulbecco’s modified Eagle’s medium, 10% fetal bovine serum
(FBS) (Sigma-Aldrich), 5 pl/ml amphotericin B (Fungizone),
1% glutamine, and 1% penicillin/streptomycin (Lonza,
Basel, Switzerland), seeded into tissue culture flasks, and incubated
at 37°C and 5% CO,. The non-adherent hematopoietic cells were
removed after 48 h of incubation, whereas the adherent cells were
passaged upon 80-90% confluence. The phenotypic characterization
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of BM-MSCs at passages 4-6 was performed by using a
FACSCalibur™ Flow Cytometry System (BD Biosciences, CA,
USA). Approximately 2 x 10° cells were incubated for 30 min at
4°C with adequate concentrations of porcine fluorescein
isothiocyanate-conjugated monoclonal antibodies against Integrin
beta-1 (CD29), CD44 antigen (CD44), Thy-1 antigen (CD90),
Endoglin (CD105), CD45 antigen (CD45), Swine leukocyte
antigen class 1 (SLA-1), and Swine leukocyte antigen class 2
(SLA-2) (Bio-Rad, CA, USA), according to the manufacturer’s
instructions. Isotype-matched negative control antibodies were
used in the experiments. The CellQuest software (BD Biosciences,
CA, USA) was used to analyze viable cells after the acquisition of 10°
events by using forward and side scatter characteristics. The mean
fluorescence intensity (MFI) was determined relative to the MFI of
its negative control to obtain the mean relative fluorescence intensity.
As performed in our previous study (Casado et al., 2012), BM-MSCs
were cultured for 21 days with differentiation medium (Gibco Life
Sciences, Rockville, MD, USA) and stained with Oil Red O, Alcian
Blue, and Alizarin Red S for the assessment of their potential toward
adipogenic, chondrogenic, and osteogenic differentiation,
respectively (Mok et al., 2008).

Fibrin Sealant Admixture, Fibrin Clotting,
and Cell Viability Assay of Mesenchymal
Stem Cells

A fibrin sealant vehicle for allogeneic MSCs was prepared by using
commercially available fibrin sealant Tisseel® (Baxter, USA; product
number 1504516). This product consists of two separated
components: a “thrombin solution” (500 TU/ml thrombin) and a
“sealer protein solution” (91 mg/ml fibrinogen and synthetic
aprotinin). These solutions are mixed in a ratio of 1:1 to prepare
a ready-to-use fibrin solution. To determine the optimal mixture for
mesh coating, BM-MSCs were detached from flasks with 0.25%
trypsin solution and counted. Around 5 x 10* cells were
resuspended in 0, 25, 50, 75, or 100 ul of complete cell culture
medium and mixed with 100, 75, 50, 25, or 0 ul thrombin solution
(pH 7.2, from Tisseel®; product number 1504516), respectively.
Afterwards, these suspensions were mixed in a 1:1 ratio with the
sealer protein solution (from Tisseel®; product number 1504516)
(Table 1) and tested according to clotting capability and cell
viability. Clotting capability was visually assessed, comparing
clotted and gelatinous fibrin hydrogels against the unclotted liquid

TABLE 1 | Composition of the culture medium (Dulbecco's modified Eagle’s
medium) and fibrin sealant mixtures for clotting capability assessment and cell
viability assays.

Culture medium + fibrin sealant mixtures

Complete cell
culture medium (pl)

Thrombin solution Sealer protein solution
(thrombin 500 UI/ml) (ul) (fibrinogen 91 mg/ml) (ul)

0 100 100
25 75 100
50 50 100
75 25 100
100 0 100
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solutions for each mixture of thrombin solution, cell culture
medium, and “sealer protein solution.”

The Cell Counting Kit-8 (CCK-8) assay (Merck KGaA,
Darmstadt, Germany) was used according to the manufacturer’s
instructions to determine cell viability. BM-MSCs were resuspended
in the above-mentioned volumes of thrombin solution, cell culture
medium, and sealer protein solution and cultured for 2 days at 37°C
under 5% CO,. Concurrently, BM-MSCs under standard culture
conditions served as a positive control of cell viability, whereas the
mixture of thrombin solution and “sealer protein solution,” in
combination, was used as the negative control.

Animals, Experimental Design, Anesthesia,
Analgesia, and Ultrasonography

The experimental approach that we used is shown in Figure 1.
The number of animals for our pilot study was defined and
approved by the Ethics Committee on Animal Experiments of
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Pigs with congenital
abdominal hernia

JUMISC. All the experimental surgical procedures were performed
on 10 Large White pigs that initially weighed 38.9 + 11.2 kg and had
a congenital abdominal non-incarcerated hernia. These animals
were randomly divided into control (n = 5) and cell (n = 5) groups
and underwent three surgeries at different times: mesh implantation
(day 0), biopsy (day 6 or 7, hereinafter referred to as 1 week after
implantation), and euthanasia and necropsy (days 28-31,
hereinafter referred to as 1 month after implantation). Prior to
the surgical procedures, all animals were administered with 0.3 mg/
kg diazepam and 20 mg/kg ketamine intramuscularly. Anesthesia
induction was achieved with 2-3 mg/kg propofol administered
intravenously and maintained with 2.3-2.5% sevoflurane. After
each surgery, all animals were administered with 0.01 mg/kg
buprenorphine, 0.2 mg/kg meloxicam, and 15 mg/kg amoxicillin.
One month after the implantation, anesthesia was induced in all
animals as previously mentioned; they were then euthanized with
intravenous administration of 1 mEq/kg of KCL.

Mesh with fibrin sealant
and BM-MSCs
(n=5)

b Y =
“ - 45
Biopsies

!

Euthanasia and necropsy

Flow cytometry

Connective
tissue (score)

RNA extraction
and gPCR

FIGURE 1 | Overview of the experimental approach. Large White pigs with a congenital abdominal non-incarcerated hernia were randomly divided into “control” and
“cell” groups. Polypropylene surgical meshes were covered with a fibrin sealant solution (control group) or with porcine bone marrow-derived mesenchymal stem
cells (BM-MSCs) (cell group) and were implanted into the animals by laparoscopy. All animals were then biopsied (1 week after implantation) and euthanized prior to
the excision of the surgical mesh (1 month after implantation). Prior to all surgeries, an ultrasonographic examination of the hernia was carried out to record the
maximal diameter of the hernia orifice. Flow cytometry and histological and gene expression analyses of the biopsy and necropsy samples were performed. qPCR,
quantitative real-time polymerase chain reaction. Mesh images are taken from Marinaro et al., 2019. The entire figure has been created with BioRender (https://app.

biorender.com/) and Smart Servier Medical Art (https://smart.servier.com/).
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Prior to all the implantation surgeries, an ultrasonographic
examination of the hernia was performed on each animal by an
experienced operator (FD), and the maximal diameter of the hernia
orifice was recorded according to the short-axis view (Figure 2). To
describe the evolution of the ultrasonographic findings and the hernia
measurements after mesh implantation surgery, an ultrasonographic
assessment was performed 1 week and 1 month after implantation.
The results are presented in terms of percent reduction.

Mesh Preparation and Laparoscopic
Surgery Procedures for Hernia Repair
Monofilament polypropylene (PP) meshes (90 g/m’ weight;
Assumesh®, Assut Europe, Italy) were cut into 6 x 6 cm pieces
and used for the surgical repair of abdominal hernias in both
groups. For the cell group, allogeneic BM-MSCs were detached
from flasks with 0.25% trypsin solution and stained with Trypan
Blue stain (0.4%) (Thermo Fisher Scientific, Waltham, MA,
USA) and counted with a Countess® Automated Cell Counter
(Thermo Fisher Scientific, Waltham, MA, USA). A Trypan Blue

FIGURE 2 | Appearance of the congenital hernia using ultrasonographic
imaging before and after mesh implantation surgery. (A) Ultrasonographic
evaluation before surgical mesh implantation (maximal diameter of the hernia
2.54 cm). (B) Ultrasonographic findings 1 month after mesh implantation
surgery. A decrease in the diameter of the hernia can be observed (maximal
diameter of the hernia 1.85 cm). Implanted mesh (M) appears as a linear
echogenic interface.

MSCs and Meshes for Hernia

dye exclusion test showed a viability of more than 95%. A total of
9 x 10° cells were resuspended in 3 ml of a 3:1 ratio of complete
cell culture medium to thrombin solution (according to the
results of the previous clotting and cell viability assays). This
cell suspension was then mixed with 3 ml sealer protein solution
and applied on the top of each PP mesh by using the fibrin
sealant Tisseel® applicator.” As previously stated, the thrombin
solution (500 IU/ml thrombin) and sealer protein solution
(91 mg/ml fibrinogen) were (g)rovided with the commercially
available fibrin sealant Tisseel™ (Baxter). Cell dose was based on
one of our previous studies (Blazquez et al., 2018) and optimized
according to mesh size, the minimum volume of fibrin sealant to
obtain complete coverage of the mesh surface, and the potential
cell loss due to laparoscopic handling.

For the control group, the same volumes of complete cell culture
medium, thrombin solution, and sealer protein solution without
cells were mixed and spread on top of the PP meshes by using the
fibrin sealant Tisseel® applicator. The approximation of hernia
borders was performed through intracorporeal suturing by expert
laparoscopic surgeons (FS-M and MB). The previously prepared
meshes for the control and cell groups were carefully rolled inside a
trocar for laparoscopic implantation. The surgical implantation was
performed through laparoscopy by using 8-10 helicoidal staples.

A week after implantation, laparoscopic inspections were
performed and small biopsy samples of the mesh with its
surrounding muscle-peritoneum were collected with Metzenbaum
scissors for further analyses. A month after implantation, the
animals were euthanized and macroscopically evaluated. The
surgically implanted meshes were excised from the euthanized
animals and samples were taken for histology, flow cytometry,
and gene expression analyses. Representative images of the surgical
procedures are shown in Figure 3.

Histological Analysis

The samples obtained 1 week and 1 month after implantation
were washed with PBS to remove excess blood, and histological
analysis of the whole layer composed of the mesh and muscle-
peritoneum was performed. All the histological samples were
fixed in 4% formaldehyde, embedded in paraffin, sliced into 5-
8 um thick sections for histological analysis, and stained with
hematoxylin and eosin (HE) and Masson’s trichrome (MT). The
microscopic evaluation of the specimens was performed on the
tissue area where the mesh was implanted (clear circular areas
representing mesh fibers) except for the connective tissue, which
was also assessed below the mesh (Figure 4). The histological
features, except the number of giant cells, were evaluated and
counted in five fields distributed along the length of the specimen
(oil immersion objective). Each specimen was first evaluated
under low magnification in order to exclude necrotic or less
preserved areas. Mononuclear and polymorphonuclear cells and
fibroblasts were counted and assigned scores (Table 2) according
to their mean number in the five fields of the HE specimens.
Vessels (HE specimens) and connective tissue (MT specimens)
were grouped according to their appearance and assigned scores
(Table 2). The scores (Table 2) were assigned according to a

®https://baxterpi.com/pi-pdf/ Tisseel _PLpdf
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FIGURE 3 | Surgical approach. (A) The abdomen of the pig was insufflated with CO, and the hernia orifice was visualized from the outside and from the inside with
a laparoscopic camera. Hernia borders were approximated by intracorporeal suturing. The rolled surgical meshes (prepared as shown in Supplementary Figure 1)
were inserted into a trocar and placed in contact with the hernia. Then the mesh was fixed with helicoidal staples. (B) Small biopsy samples of the mesh and its
surrounding tissues were collected with Metzenbaum scissors 1 week after implantation surgery. (C) The meshes were excised following euthanasia of the animals

1 month after the implantation.

previously published score system (Badylak et al., 2002). Vessels
and giant cells (HE specimens) were counted and recorded
according to their mean number in the five oil immersion
magnification fields. Moreover, the average number of giant
cells around mesh fibers was also determined under high-
power field (x40 objective) and recorded.

Flow Cytometry and Quantitative
Polymerase Chain Reaction Studies
Phenotypic and gene expression analyses were performed on the
infiltrating cells in the implanted surgical meshes. To collect
these cells, the samples obtained 1 week and 1 month after
implantation were washed with PBS to remove blood and other
residues, and the muscle-peritoneum was removed. The meshes
were moved to Petri dishes, submerged in PBS, and scraped with
a blade to collect the outer layer of cells. The PBS containing the
scraped cells was collected and filtered through a 40 um filter
(Fisher Scientific, Leicestershire, UK) to remove debris and the
PP filaments. Afterwards, the infiltrating cells were detached
twice from the scraped meshes with 0.25% trypsin solution.
For phenotypic analysis, 2 x 10° cells were resuspended in PBS
containing 2% FBS and stained with the appropriate
concentrations (according to the manufacturer’s instructions) of
fluorescence-labeled monoclonal antibodies against extracellular
porcine surface markers T-cell surface antigen T4/Leu-3 (CD4), T-
cell surface glycoprotein CD8 alpha chain (CD8ct), CD45, Neural
cell adhesion molecule 1 (CD56), Scavenger receptor cysteine-rich
type 1 protein M130 (CD163) (BD Pharmingen, CA, USA),
Monocyte differentiation antigen CD14 (CD14), Low affinity

FIGURE 4 | Representative image of a surgically implanted mesh and its

surrounding tissue. The assessment of cellular characteristics was performed immunoglobulin gamma Fc region receptor III (CD16), CD27,
in the mesh (M) area (indicated by red brackets), whereas the connective CD45 antigen isoform RA (CD45RA), and SLA-II (Bio-Rad, CA,
tissue was evaluated in the area below the mesh (indicated by black USA) for 30 min at 4°C (Table 3). The cells were washed,

™

resuspended in PBS, and analyzed by using a FACSCalibur
Flow Cytometry System (BD Biosciences, San Jose, CA, USA).

brackets). The image represents a tissue sample stained with Masson’s
trichome stain.
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TABLE 2 | Scoring system for histological evaluation of the tissue surrounding and infiltrating the surgical meshes 1 week and 1 month after implantation.

Parameter Score
0 1 2 3 4
Polymorphonuclear  No cells Between 0 and 5 cells Between 6 and 10 cells Greater than 10 cells
leukocytes
Mononuclear cells  No cells Between 0 and 5 cells Between 6 and 10 cells Greater than 10 cells
Vessels No vessels 1-3 blood vessels 4-10 blood vessels Greater than 10 blood
vessels
Vessel type No vessels Small arterioles and/or small  Arterioles and/or venules Both types
venules and/or capillaries
Fibroblasts No cells Between 0 and 5 cells Between 6 and 10 cells Greater than 10 cells
Connective tissue  No connective  Loose (areolar) connective Moderately dense connective  Dense irregular (non- Dense regular or organized
tissue tissue with sparse and tissue with increased number  organized) connective tissue  connective tissue enriched with
random arrangement of fibers  of collagen fibers enriched with collagen fibers  collagen fibers and the fibers
but the fibers are randomly tend to be organized in parallel
arranged bundles
The scores were adapted from a previously published score system (Badylak et al., 2002). The score for each parameter was evaluated per oil immersion field (x100 objective).

After the acquisition of 10° events, cells were selected according to
forward and side scatter characteristics, and fluorescence was
analyzed by using CellQuest software (BD Biosciences).
Appropriate isotype-matched negative control antibodies were
used in all experiments.

The gene expression of cells that infiltrated the surgical
meshes 1 week and 1 month after implantation was analyzed
by using quantitative real-time polymerase chain reaction
(qPCR). The total RNA from scraped and detached cell
samples was isolated by using a mirVana'" miRNA Isolation
Kit (Invitrogen, Thermo Fisher Scientific Inc., Waltham, MA,
USA) according to the manufacturer’s instructions. RNA quality
and concentration were spectrophotometrically evaluated by
using a Synergy " Mx Microplate Reader (Biotek, Winooski,
VT, USA). Only the RNA samples with a 260/280 nm
absorbance ratio between 1.8 and 2.1 were retrotranscribed to
complementary DNA (cDNA) and amplified by qPCR. The
amount of total RNA required for the reverse transcription
reaction was calculated according to their concentrations after
isolation such that the same starting cDNAs for qPCR
amplifications of the compared study groups was guaranteed
(control and cell groups 1 week after implantation; and control
and cell groups 1 month after implantation). To this aim, 300 ng
cDNA for the 1 week after implantation samples and 700 ng
cDNA for the 1 month after implantation samples were synthesized
from total RNAs in reverse transcription reactions by using iScript
Reverse Transcription Supermix (BioRad, Hercules, CA, USA) with
a reaction set-up and thermal cycling protocol according to the
manufacturer’s instructions. qPCR was performed by using
TaqMan® Gene Expression Assays (Applied Biosystems, Thermo

TABLE 3 | Combination of antibodies used for phenotypic analysis by flow
cytometry of the infiltrated cells inside the surgical mesh.

Flow cytometry: combination of antibodies

Percentage of lymphocyte subpopulations
Lymphocyte differentiation

Lymphocyte subsets: activation markers
Macrophage infiltration and activation

CD4, CD8, CD16, CD56

CD4, CD8, CD27, CD45RA
CD4, CD8, CD16, CD56, SLAll
SLAIl, CD14, CD163
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Fisher Scientific Inc., Supplementary Table 1) in combination with
TagMan Fast Advanced Master Mix (Applied Biosystems, Thermo
Fisher Scientific Inc.). The thermal cycling conditions were as
follows: 50°C for 2 min, 95°C for 2 min, and then 40 cycles of
95°C for 1 s and 60°C for 20 s. The amplification of cDNAs was
performed by using a QuantStudio 3 System (Applied Biosystems,
Thermo Fisher Scientific) and the qPCR products were quantified
by a fluorescent method using the 22" expression (Livak and
Schmittgen, 2001). The duplicates of all samples were analyzed
separately and normalized against the HRPTI gene. Duplicate no-
template control samples were prepared for each gene and showed
no DNA contamination.

Statistical Analysis

The data were statistically analyzed using SPSS-21 software
(SPSS, Chicago, IL, USA). For ultrasonographic data, ANOVA
and the Tukey test were applied. The normal distribution of
variables was assessed with the Shapiro-Wilk test, and the
Levene test was used to assess homoscedasticity. For variables
with normal distribution and homogeneity of variances, we used
Student’s t-test, and the Mann-Whitney U-test was used for
non-parametric and heteroscedastic variables. A p < 0.05 was
considered statistically significant.

RESULTS

Phenotypic Analysis and Multipotentiality
of Mesenchymal Stem Cells, Admixture
With Fibrin Sealant, Fibrin Clotting, and
Cell Viability Assay
The stemness markers expression profile of BM-MSCs was CD29°/
CD44"/CD45/CD90"/CD105"/SLA-1"/SLA-2". Moreover, the
differentiation assays assessing adipogenic, chondrogenic, and
osteogenic lineages demonstrated the multipotentiality of BM-
MSCs; this is consistent with a previously published study
(Casado et al., 2012).

Assessment of the clotting capability of the solutions prepared
by mixing complete cell culture medium, thrombin solution, and
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sealer protein solution revealed that clotting took place with any
mixture containing thrombin solution with volumes up to 25 pl.
Less liquid leakage was observed with higher volumes of
thrombin solution (data not shown).

The cell viability CCK-8 assay demonstrated the highest cell
viability when the complete cell culture medium-to-thrombin
solution ratio was 3:1 (data not shown). Hence, the latter ratio of
complete cell culture medium-to-thrombin solution was: (i)
mixed with the same volume of sealer protein solution and
used to coat the PP mesh before implantation surgery (control
group) or (ii) used to prepare the MSC suspension, mixed with
the same volume of sealer protein solution, and used to coat the
PP mesh (cell group).

Evaluation of Congenital Hernia Size

Ultrasonographic assessment of hernia size is presented in terms
of percent reduction of the mean hernia size 1 week and 1 month
after implantation and compared with the hernia size before the
suturing of hernia borders and mesh implantation (implantation
day). The mean size of the congenital hernias before mesh
implantation was 2.49 + 0.99 cm (0%). As shown in Figure 5,
the approximation of the hernia borders by suturing reduced the
hernia size by 29.49 + 25.72% 1 week after implantation and
increased the same by 9.58 + 43.15% 1 month after implantation
in the control group, with reference to the size on implantation
day. The cell group had a reduction of 46.01 + 34.69% 1 week
after implantation and a further reduction of 26.61 + 28.79% 1
month after implantation, with reference to the size on
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FIGURE 5 | Evaluation of hernia size by ultrasonography. The maximum
diameter of the hernia orifice was recorded by ultrasonography before, 1
week after, and 1 month after hernia border approximation and mesh
implantation surgery in all animals in the two groups: control (black line) and
cell group (red line). Changes in hernia size are presented as percent
reduction at different time points, with the initial size of the hernia pertaining to
the size before mesh implantation. A statistically significant decrease in the
size of the hernias was observed 1 week after implantation in the cell group
compared with the size recorded before mesh implantation surgery. All data
are presented as mean =+ standard deviation. The graph was created with
GraphPad Prism. *p < 0.05 refers to the size of the hernia before mesh
implantation.
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implantation day. The decrease in the mean size of the hernia
1 week after implantation in the cell-treated group compared
with the mean size of the hernia on implantation day was
statistically significant (p < 0.05).

Surgical Mesh Implantation by
Laparoscopic Surgery

The laparoscopic procedures allowed successful mesh
implantation in all animals. In most cases (7 out of 10
animals), the implantation site did not show excessive
inflammation or tissue adhesions except for three pigs that had
adherence of the omentum, spleen, and small intestine to the
surgical mesh. One animal showed hernia maintenance and
another had Escherichia coli infection of the peritoneum and
implant site. One pig manifested anorexia and vomiting 2 days
after mesh implantation and died 4 days after implantation.
Unfortunately, it was not possible to determine whether the
cause of death was associated with mesh implantation surgery.
The mean duration of the surgical procedure for hernia
implantation was 41.27 + 15.18 min per animal. Our results
demonstrated that the surgical procedure, fixation method, and
treatments were well tolerated and feasible to perform in this
animal model. Additionally, considering that safety is one of the
major issues in stem cell-based therapies, this animal model was
useful in determining the hypothetical adverse effects of MSCs
admixed with a fibrin sealant. Macroscopic evaluation of the
incisional hernia and implanted meshes 1 week and 1 month
after implantation showed a normal morphology of the tissues.
Surgical adhesions, effusions, or tissue fibrosis were not observed
in any of the groups.

Histological Evaluation of the Mesh
Implant Site

Histological evaluation of the cellular characteristics in the mesh
area was performed. Connective tissue was observed also below
the mesh area (Figure 4). Histological samples from the control
group 1 month after implantation showed the presence of
polymorphonuclear and inflammatory giant cells around the
mesh area, whereas samples from the cell group 1 month after
implantation showed a mononuclear infiltrate with few
polymorphonuclear cells around the mesh. Regarding the
connective tissue, the control group showed highly cellular
connective tissue between the mesh threads, with few collagen
fibers below the mesh area 1 month after implantation. In
contrast, a moderately dense connective tissue enriched in
blood vessels with some organization of the collagen fibers
could be observed in the mesh area in the cell group.
Additionally, a dense organized connective tissue with parallel
bundles of fibers was seen below the mesh in the cell group 1
month after implantation (Figure 6). Nevertheless, when the
histological features were counted and their scores were
compared, no statistically significant differences were observed
among the groups. The tissue and cellular characteristics
underneath and between the mesh fibers did not seem to be
affected by the presence of BM-MSCs at either 1 week or 1 month
after implantation (Figure 7).
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FIGURE 6 | Representative figures of the histology of a control case and a cell case 1 month after implantation. (A) Polymorphonuclear cells around the mesh,
along with inflammatory giant cells in a control case. Hematoxylin-eosin, x40 objective. (B) Highly cellular connective tissue between the mesh with few collagen
fibers below the mesh area in a control case. Hematoxylin—eosin, x20 objective. (C) Presence of mononuclear infiltrate with few polymorphonuclear cells around the
mesh in a cell case. Hematoxylin-eosin, x40 objective. (D) Moderately dense connective tissue-enriched blood vessels (arrows; including arteriole, arrowhead) with
some organization of the collagen fibers is present between the mesh fibers in a cell case. Note the dense organized connective tissue with parallel bundles of fibers
below the mesh (inset). Masson Trichrome, x20 objective and x10 objective (inset).

Phenotypic Evaluation of Cells Infiltrating
the Surgical Mesh

Apart from the histological findings, our study also identified and
characterized mesh-infiltrated cells. This analysis was performed by
using flow cytometry of tissue obtained by biopsy 1 week after
implantation and in explanted surgical meshes 1 month after
implantation. Flow cytometry of the mesh-infiltrated cells showed
an increase in tissue-infiltrated CD14"CD163" (M2 macrophages)
when the cell group was compared with the control group 1 week
after implantation, but this change was not significant. The
geometric mean of the activated macrophages in the cell group
(52.96 + 5.42%) significantly decreased 1 month after implantation
(p < 0.05) compared with that of the control group
(80.39 + 19.55%). The results of the phenotypic analysis by flow
cytometry are reported in Tables 4, 5.

Gene Expression Analysis of Cells
Infiltrating the Surgical Mesh

The expression of 32 genes by the cells that infiltrated the surgical
meshes was quantified 1 week and 1 month after implantation.

Frontiers in Pharmacology | www.frontiersin.org

Figures 8, 9 represent the analysis of gene expression when
consistent amplifications were obtained with gPCR at both time
points. The decrease in the expression of vascular endothelial
growth factor A (VEGFA) (control group 0.427 + 0.033
versus cell group 0.265 + 0.108, p = 0.0483) and the increase in
tumor necrosis factor (TNF) expression (control group
0.046 + 0.025 versus cell group 0.188 + 0.106, p = 0.0357) were
statistically significant in the cell group 1 month after
implantation (p < 0.05).

DISCUSSION

Hernia remains a notable problem in human and veterinary
medicine despite the fact that its conventional treatment was
proposed for the first time in 1890 (Baylon et al, 2017). As a
matter of fact, if surgical meshes had become the standard procedure
for repairing abdominal hernias, an adverse inflammatory response
would usually be observed after implantation, producing a multitude
of complications and side effects.
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FIGURE 7 | Histological evaluation of surgical meshes and surrounding tissues 1 week and 1 month after mesh implantation. The microscopic appearance of the
tissue surrounding the surgical mesh was examined in the hematoxylin-eosin (HE) and Masson'’s trichome-stained specimens. Polymorphonuclear leukocytes
(score), mononuclear cells (score), vessels (type and number), giant cells (number), and fibroblasts (score) between the mesh area were evaluated in five oil
immersion fields. The type and organization of the connective tissue presented between and below the mesh were also scored. The average number of giant cells
(number around the mesh fibers) was evaluated under a high-power field (x40 objective field). The scoring criteria are shown in Table 2. All the data are presented

as mean + standard deviation. The graphs were created with GraphPad Prism 8.

Adult stem cells can differentiate into a wide variety of cell
types (Pittenger, 1999) and can be isolated from different tissues
such as liver, lung, adipose tissue, skeletal muscle, amniotic fluid,
bone marrow, skin, and heart (Mushahary et al,, 2018). They
have regenerative properties owing to their ability to differentiate
and secrete factors that locally activate progenitor cells (Uccelli

et al., 2008). Bearing these properties in mind, different cell-
based treatments have been proposed to reduce the adverse
inflammation and to improve tissue integration and
regeneration after surgical mesh implantation (Marinaro et al.,
2019). Nevertheless, it is important to consider that some clinical
trials involving stem cell therapy have successfully reached the
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TABLE 4 | Results of the phenotypic analysis by flow cytometry of the infiltrated lymphocytes and macrophages inside the surgical meshes 1 week and 1 month after
implantation surgery.

1 week after implantation 1 month after implantation

Control Cells Control Cells
Differentiation  Effector-memory cells 87.4+3 88.42+883 84.23+337 8349x5.11
phenotype (%CD45RA/CD27 on CD4* CD8a.)
T-helper Naive cells (%CD45RA* or CD27* on CD4* CD8ar) 1259+ 3 11.68 +8.83 1576 + 3.37 16.56 +5.11
cells Activation NK-related receptor (%CD56/CD16" on CD4"* 2348 +13.37 12,18 +8.63 16.17 +10.3 9.08 + 2.39
Tissue- markers CD8ar’)
infiltrating SLA-2 receptor (%SLA-2* on CD4* CD8a") 37.28 +22.77 24 + 1425 23.07 +11.39 18.2 +4.77
lymphocyte Differentiation Effector-memory cells (%CD45RA™/CD27~ 4455 +19.99 68.65+ 13.18 51.61 £ 12,53 60.78 + 9.09
subsets phenotype on CD4~ CD8a")
T-cytotoxic Naive cells (%CD45RA" or CD27* on CD4~ CD8a') 55.44 + 19.99 31.34 + 13.18 48.39 + 1253 39.21 + 9.09
cells Activation NK-related receptor (%CD56/CD16™ 17.98+11.83 1505+5.89 16.43+11.48 13.67 +12.13
markers on CD4™ CD8a*)
SLA-2 receptor (%SLA-2* on CD4~ CD8o*) 56.59 + 25.61 51+18.33 1979+ 11.81 2237 +19.01
Tissue- M1/M2 phenotype M2 macrophages (%CD163* on CD14") 67.3+11.72 7256 +4.22 8242+ 1493 83.82+5.99
infiltrating M1 macrophages (%CD163~ on CD14") 3269 +£11.72 27.44+422 1757 +1493 16.17 +5.99
macrophage Activation markers SLA-2 expression (SLA-2 geometric mean on CD147) 73.49 +£20.07 77.41 £22.79 80.39 + 19.55 52.96 + 5.42*
subsets

All data are presented as the mean + standard deviation. "p < 0.05 refers to the control group. CD4, T-cell surface antigen T4/Leu-3; CD8a, T-cell surface glycoprotein CD8 alpha chain;
CD14, Monocyte differentiation antigen CD14; CD16, Low affinity immunoglobulin gamma Fc region receptor lll; CD45RA, CD45 antigen isoform RA; CD56, Neural cell adhesion molecule
1; CD163, Scavenger receptor cysteine-rich type 1 protein M130; SLA-2, Swine leukocyte antigen class 2.

TABLE 5 | Results of the phenotypic analysis by flow cytometry of the infiltrated leukocytes inside the surgical meshes 1 week and 1 month after mesh implantation.

1 week after implantation 1 month after implantation

Control Cells Control Cells
Ti infiltrating leukocyt: T-helper cells (% CD4* CD8a) 4.39 +2.73 156,67 + 11.01 12.71 £ 12.31 225+1.65
T-cytotoxic cells (% CD4~ CD8o*) 10.71 + 6.51 28.48 + 15.08 17.46 + 18.42 2.38+1.17
Ratio CD4":CD8a 1.16 + 0.96 0.55 + 0.2 0.95 + 0.55 0.88 + 0.26
NK cells (% CD8c.” CD16*/CD56") 5.04 + 4.68 17.86 + 14.96 8.69 + 7.49 411 +0.49
Macrophages (% CD14") 14.41 £ 22.45 16.32 + 12.19 10.23 + 9.01 5.56 + 1

All data are presented as mean + standard deviation.

third phase, where long-term benefits and side effects are
evaluated. However, many of them have not yielded the
desired results (Trounson and McDonald, 2015) and their
number has dropped over the years. This decline may be due
to the fact that these preclinical and clinical trials are too
heterogeneous: MSCs from different sources, different cell
preparation protocols, and different cell passage numbers have
been used over time (Kabat et al.,, 2020). Under these
circumstances, the application of stem cell therapy to the
surgical implantation of meshes for hernia treatment remains
challenging. Even in this particular field, there is a lack of
standardization in preclinical trials. Hence, creating a consensus
about surgical procedures, the type of surgical meshes to use, and
the effectiveness of stem cells in the pathophysiology of hernia is
difficult (Marinaro et al., 2019).

First, there is a lack of uniformity regarding the use of
animal models in preclinical trials (Vogels et al., 2017). Even
the most recent studies that have investigated the use of stem
cells on surgical meshes have been performed in vitro (Gao
et al., 2014; Vozzi et al,, 2017) or in small animal models,
especially in mice (Darzi et al., 2018; Paul et al.,, 2019;
Mukherjee et al.,, 2020), rats (Altman et al, 2010a; Altman
et al., 2010b; Edwards et al., 2015; Iyyanki et al., 2015; Klinger

Frontiers in Pharmacology | www.frontiersin.org

et al., 2016; van Steenberghe et al.,, 2017; Hansen et al., 2020),
and rabbits (Zhao et al., 2012; Cheng et al., 2017). Only a few
preclinical studies have been performed in sheep (Gerullis et al.,
2013; Gerullis et al., 2014). However, this animal model has
only been used for the study of surgical meshes in the case of
pelvic organ prolapse (Emmerson et al., 2019), owing to
similarities between the ovine and human urogenital tracts.
To date, and to our knowledge, only one clinical case involving
a human patient has been published (Palini et al., 2017).

Second, stem cell-based therapies for the treatment of hernia
have been developed by using different stem cell sources such as
placenta-derived stem cells (Zhang et al., 2016), endometrium-
derived MSCs (Su et al., 2014; Ulrich et al., 2014; Edwards et al.,
2015; Darzi et al,, 2018), and adipose-derived MSCs (Melman
et al, 2011; Li et al., 2013; Iyyanki et al., 2015; Blazquez et al.,
2016; Cheng et al., 2017).

Third, surgical meshes can be used to reinforce tissues in
pelvic prolapses or hernias, but these two conditions are quite
different. The most recent and relevant studies investigating the
use of stem cells on surgical meshes are focused towards
reinforcement of the pelvic floor (Emmerson et al., 2019; Paul
etal, 2019; Mukherjee et al., 2020) rather than of the abdominal
wall; however, it is necessary to consider the fundamental
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FIGURE 8 | Analysis of the expression of inflammation-related genes. Quantitative real-time polymerase chain reaction was performed on the infiltrated cells within
the surgical meshes 1 week and 1 month after mesh implantation. All the data are presented as mean + standard deviation. The graphs were created with
GraphPad Prism. *p < 0.05 refers to the control group. ARG1, Arginase 1; CXCL2, C-X-C Motif Chemokine Ligand 2; CXCL8, C-X-C Motif Chemokine Ligand 8;
IFNG, Interferon Gamma; IL1B, Interleukin 1 Beta; IL6, Interleukin 6; IL10, Interleukin 10; NOS2, Nitric Oxide Synthase 2; TGFB1, Transforming Growth Factor Beta
1; TNF, Tumor Necrosis Factor.
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differences between the two pathological conditions in the
evaluation of preclinical trials.

Fourth, even though standardization and reproducibility are
very important to obtain consistent results in research, the
clinical setting is characterized by a huge variability in patients,
with a variety of body masses and type, position, and size of
hernias. Preclinical trials should involve animal models
resembling the variability of human and veterinary patients to
guarantee the safety, feasibility, effectiveness, and applicability of
the preclinical results. Most of the studies investigating stem cell-
aided surgical mesh hernia repair are performed after a ventral
incision (Altman et al., 2010a; Iyyanki et al., 2015; van
Steenberghe et al., 2017; Hansen et al., 2020), which may be an
appropriate model for incisional hernias following laparotomies
but not for other kinds of hernias.

A plethora of different surgical meshes are commercially
available; however, they can be generally categorized under
three groups: synthetic non-absorbable, synthetic absorbable,
and biological meshes (FitzGerald and Kumar, 2014). Each
type of mesh may produce different effects on a human or
veterinary patient according to its intrinsic characteristics such
as material, absorbability, and biocompatibility.

Many surgical meshes for urogynecological use’ and for
abdominal wall repair’ have been withdrawn from the market
because of safety concerns. One of the reasons for the recall of
surgical meshes may be the lack of thorough understanding in
hernia research.

We developed an experimental approach to test whether the use
of stem cells for abdominal hernia treatment is viable in a clinically
relevant animal model. To the best of our knowledge, this is the first
preclinical study where pigs with congenital abdominal hernias were
treated with surgical meshes seeded with adult stem cells.
Additionally, the surgical approach was performed with
minimally invasive procedures to avoid complications related to
open surgery. An exhaustive follow-up was performed at different
time points using different evaluation methods: ultrasonography,
gene expression analysis, complete histological evaluation, and
cellular characterization by flow cytometry of infiltrated leukocytes.

Our experimental study was initially focused on the selection of
the best animal model. We chose the swine model for different
reasons. First, pigs are comparable to humans in terms of body
mass, metabolism, organ size, omnivorous diet (Bassols et al,
2014; Schook et al,, 2015), and gastrointestinal anatomy (Gonzalez
et al, 2015). Second, porcine skin is similar to human skin in
different histological and anatomical aspects; for example, the
sparse and simple hair coat, epidermal thickness and turnover
kinetics, the presence of adipose tissue at the hypodermis, and the
presence of musculocutaneous vessels that run perpendicular to
the skin’s surface are similar between humans and pigs
(Kemppainen, 1990; Avon and Wood, 2005; Debeer et al., 2013;
Wei et al., 2017; Fossum and Duprey, 2019). Third, abdominal and

*https://www.fda.gov/medical-devices/implants-and-prosthetics/urogynecologic-
surgical-mesh-implants
*https://www.fda.gov/medical-devices/implants-and-prosthetics/hernia-surgical-
mesh-implants
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inguinal hernias are relatively common in pigs; the incidence of
these hernias range from 1.7% to 6.7% in different swine breeds
(Atkinson et al, 2017). Piglets frequently present an incomplete
closure of the umbilical ring after birth as a result of genetic causes
(Grindflek et al., 2018) and are usually rejected by farmers as they
have slower growth and higher mortality (Yun et al., 2017).

Hence, in order to evaluate the therapeutic effect of adult stem
cells combined with surgical meshes, we chose Large White pigs
with congenital abdominal hernias, and two study groups were
established: a control group and a cell group. For the application
of stem cells in surgical meshes, we considered the synthetic
polymer PP as it is chemically inert and does not support cell
adhesion. Fibrin sealants allow cell adhesion, viability, migration,
and proliferation, and allow cells to execute their paracrine
action locally. Moreover, fibrin sealants are rarely related to
inflammation and foreign body reaction; hence, they are widely
used in tissue engineering (Li et al., 2015). We used a
commercially available fibrin sealant to aid cell adhesion on
the PP surgical mesh and to aid the compatibility of this cell-
seeded mesh with the laparoscopic instrumentation. Finally, we
used MSCs that were previously characterized in terms of
phenotype, gene expression, and differentiation capacity
(Casado et al., 2012; Alvarez et al., 2016) and that were used in
preclinical studies without adverse effects (Blazquez et al., 2015).
It is important to note that, even though we did not evaluate their
clonic capacity, the MSCs used in this study fulfill the “minimal
criteria for defining multipotent mesenchymal stromal cells”
defined by the International Society for Cellular Therapy
(Dominici et al., 2006). Additionally, we proposed the
administration of heterologous cells, as they can be safer than
autologous cells (Crisostomo et al., 2015). Under these
circumstances, all the steps from cell preparation and seeding
on the top of the surgical mesh to rolling and insertion within the
laparoscopic trocar are easy and quick; the cell-seeded material
can be cryopreserved (Blazquez et al., 2018), offering a safe and
bioactive off-the-shelf product for hernia repair.

The first aim of this paper was to evaluate the reduction in
hernia size after the approximation of hernia borders and the
implantation of the surgical mesh by laparoscopy. Additionally,
we aimed to test the effect of the stem cells that we seeded on the
surgical meshes in the cell group.

Ultrasonography was performed prior to surgical mesh
implantation and 1 week and 1 month after mesh implantation
surgery. It is important to note that the mean diameter of the
congenital hernias in the experimental groups was 2.49 + 0.99 cm;
however, these sizes were heterogeneous and ranged from 0.74 cm
to 4.15 cm in diameter. In order to normalize hernia sizes, we
presented our results in terms of percent reduction. There was a
statistically significant reduction in terms of mean hernia size
when surgical meshes were combined with stem cells 1 week after
implantation (-46.01 + 34.69). Obviously, we cannot simply state
that this reduction is a cell-mediated effect only as it can be
associated with inherent differences in the surgical procedures
(different suture closures in different kinds of hernias and
subsequent mesh fixation) and with the heterogeneous range of
size and weight of the animals in the study.
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In both groups, the repair of the hernias and mesh fixation were
performed by laparoscopy. Although a systematic review and meta-
analysis has revealed that the recurrence rate, infection, hospital
stay, and operation time are similar between open surgery and
laparoscopy (Al Chalabi et al., 2015), there has not yet been a
consensus about the best method to repair ventral hernias (Van
Veenendaal et al, 2015). There are reviews and meta-analyses
wherein the laparoscopic repair of umbilical hernias was reported
to be associated with a lower risk of infections, a lower recurrence
rate, and a shorter hospitalization stay (Hajibandeh et al., 2017);
based on these and considering that laparoscopy is widely used for
hernia surgery, our results have revealed that this surgical procedure
is suitable and safe in a swine model. An important advantage of
using laparoscopy in the proposed model (animal with hernia
congenital disease) is the possibility of evaluating the macroscopic
status of internal tissues. Our surgical procedures consisted in the
removal of previous adhesions (if present), followed by the closure
of the hernial ring with sutures and placement of the mesh. The
surgical techniques were successfully executed, even though a
reduced number of animals presented some complications. We
observed an incomplete closure of the hernial ring in one animal,
with no leakage or protrusion of hernial contents. This recurrence of
the hernia may have been due to loose sutures or to the
intraperitoneal fixation of the mesh with helicoidal staples. We
think that the implantation of the helicoidal clips could be
insufficient to guarantee deep aponeurotic fixation to support the
displacement of tissues during pig growth. We also stated that there
was an E. coli contamination, which could have been caused by
bacterial contamination from a contaminated pneumoperitoneum
needle, trocar, or tweezers or by an ineffective antibiotic therapy
protocol. Additionally, three animals presented tissue adherences. It
is important to note that intraperitoneal implantation places the
mesh in direct contact with the visceral peritoneum. This kind of
implant per se can cause post-surgical adhesions (Farmer et al,
1998). Laparoscopy also allowed us to perform biopsies of the
implanted meshes and their surrounding tissues at intermediate
time points. In our study, the follow-up was conducted after 1
month, and the biopsies 1 week after implantation allowed us to
analyze early histological and genetic changes as well as leukocyte
infiltrations at short intervals.

The third aim of this study was to characterize the inflammatory
response of the abdominal tissues to surgically implanted PP
meshes with or without stem cells. Thus, we evaluated the
expression of TH1/TH2 markers and M1/M2 markers in mesh-
infiltrated cells by qPCR. We also analyzed mesh-infiltrating
leukocytes by flow cytometry and assessed the inflammatory
status of the tissue surrounding the surgical meshes through a
histopathological examination. Even though previous observations
in murine models using MSC-coated meshes (Blazquez et al., 2016;
Blazquez et al., 2018) have demonstrated an M2 polarization within
the tissue and around the mesh fibers, we did not find any
significant change in the expression of M1/M2 markers.
Surprisingly, our comparative analyses in 10 different TH1/TH2
cytokines revealed a significant increase in the expression of TNF in
the cell group 1 month after implantation. An increase in TNF
production has already been linked to the implantation of PP
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meshes in one study (Prudente et al., 2016). Although a reduction
in TNF gene expression in the cell group was expected (Yan et al,
2018) we hypothesized that the short survival and paracrine activity
in vivo of stem cells for tissue engineering applications (Dash et al.,
2018) was not effective in counteracting the strong inflammatory
response induced by the PP mesh. This hypothesis can be
confirmed by the fact that even our histological evaluation did
not present significant differences in the infiltration of
mononuclear/polymorphonuclear leukocytes in mesh that
surrounded tissues at any time point.

The surgical implantation of non-absorbable meshes is
associated with a foreign body reaction that leads to fibrous
encapsulation of the implant. In the initial host response,
proteins and platelets favor the recruitment and adhesion of
macrophages and neutrophils; these are followed by lymphocyte
infiltration (Klopfleisch and Jung, 2017). We performed a
phenotypic characterization of the different leukocyte subsets
that infiltrated the surgical mesh and determined the activation
status of T helper cells, T-cytotoxic cells, and macrophages. This
analysis (performed 1 week and 1 month after mesh implantation
surgery) did not reveal any significant differences in the T-cell
subsets. We were expecting a macrophage polarization toward M2
cells owing to the immunomodulatory effect of BM-MSCs,
according to our previous studies in murine models (Blazquez
etal,, 2016; Blazquez et al., 2018). The increase in the percentage of
tissue-infiltrated CD14" CD163" (M2 cells) in the cell group 1
week after implantation with reference to the control group (Table
4), together with the decrease in the expression of the NOS2 gene
(a M1 marker) in the cell group 1 month after implantation, may
suggest an M2 polarization by MSCs. However, these changes
were not statistically significant. The macrophage analysis also
demonstrated a significant decrease in SLA-II expression (SLA-II
geometric mean on CD14") in the cell group 1 month after
implantation with reference to the control group; nevertheless,
the biological significance of this decrease remains uncertain.
Hence it is difficult to assert that MSCs triggered an M2
differentiation under these experimental conditions.

The last aim of our study was to evaluate the effects of mesh
implantation on connective tissue and vascularization, with or
without stem cells. Connective tissue is known to be altered in
hernia patients (Henriksen et al,, 2011), who thereby present
with a low collagen 1/collagen 3 ratio, poor quality collagen, and
increased collagen breakdown (Henriksen et al., 2011; Calaluce
et al., 2013; HerniaSurge Group, 2018). Moreover, collagen
metabolism is strictly related to matrix metalloproteinase
(MMP) proteolytic activity in healthy individuals; however,
this balance is altered in hernia patients (Henriksen et al,
2011). Stem cells have already been demonstrated to trigger
connective tissue remodeling throughout the induction of
collagen synthesis and reorganization (Ku et al., 2006; Casado
et al., 2014; Liu et al., 2017) and MMP release (Ding et al., 2009;
Clarke et al., 2015). For this reason, we performed gene
expression analysis of collagens, MMPs, and tissue inhibitors
of metalloproteinases (TIMPs) by qPCR and evaluated the
histology of connective tissue between and below the mesh
areas. However, we found no significant statistical differences
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in the gene expression of either collagens, MMPs, and TIMPs or
their ratios and nor in the histological analysis. Regarding
vascularization and angiogenesis, we did not observe any
significant changes in vascularization. However, we found a
slight, but significant, reduction in VEGF expression in the cell
group 1 month after mesh implantation. It is true that stem cells
have been associated with enhanced angiogenesis in wounds
through the release and induction of VEGF (King et al., 2014);
however, a high level of angiogenesis has been associated with
hypertrophic scarring and fibrosis (DiPietro, 2016), especially in the
long term (Karvinen et al,, 2011). We hypothesized that stem cells, 1
month after implantation, contributed to the slight reduction in
VEGF, which thereby minimized severe scarring of the wound.

Altogether, our histological, phenotypic, and gene expression
analyses did not reveal any important contribution of stem cell
therapy to the implantation of surgical meshes. Nevertheless, this
study has established that there remains a lack of knowledge
about how to correctly repair hernias with surgical meshes that
would guarantee the safety of patients and pose a small risk of
adverse effects for them. We recognize that this study has some
important limitations. First, our insight led us to rely on a large
animal model rather than on small animal models such as
rodents, as the large animal model we used is more similar to
humans in terms of metabolic requirements, anatomical size, and
skin histology. Small animal models with artificially induced
abdominal wall defects guarantee the standardization of
experimental practices (in this case, similar body mass, sex,
and hernia size) and fewer ethical concerns. However, they
remain far from clinical practice. Our animal model, in
contrast, did not allow the use of large sample sizes and
homogeneity: this led to poor significant results in the
histological, phenotypic, and gene expression analyses and it is
the most important limitation of our study. Second, excluding all
the related advantages, laparoscopy has a long learning curve
(Hopper et al,, 2007) and even expert surgeons need time to
practice and standardize this innovative type of surgery. Third,
some tests, such as biodistribution or teratogenicity tests, should
have been performed to guarantee the safety of the stem cell
therapy. We believe that stem cells are not meritless, especially
when combined with surgical meshes for hernia repair, but a
much larger number of animals, more standardization, and
further analyses are required to guarantee reliable results.

To our knowledge, this is the first preclinical study evaluating
the use of stem cell therapy in the field of abdominal hernias in a
clinically relevant swine model with congenital hernia.
According to our study, pigs with congenital hernia closely
resemble hernia patients and can be used for further preclinical
studies. However, a large number of animals, with similar body
masses and hernia sizes, are required to provide consistent
results; fibrin sealants can be used to allow cell adhesion on
the surgical mesh surface. Moreover, laparoscopy can be used for
hernia repair by suturing and it allows for the implantation of
surgical meshes seeded with cells. The combined use of meshes
and MSCs may allow the creation of bioinert products intended
for future clinical applications. This product might have an
immediate economic impact by reducing the recurrence of the
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aforementioned pathologies, hospitalization, and casualties; this
product might also have an important impact in the quality of
life of patients with hernias. To achieve these aims, extensive and
standardized preclinical studies assessing safety and feasibility
must be established with urgency.
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Abstract

Background: Acute myocardial infarction (AMI) is one of the most deleterious conditions leading to cardiovascular
diseases and mortality. The importance of an early and accurate diagnosis assures immediate medical treatments,
which are fundamental to reduce mortality and improve prognoses. AMI is associated to an inflammatory response

swine animal model.

were found.

which includes the increase of circulating inflammatory cytokines, chemokines and immune cell activation. This
study aimed to identify which are the very early immune-related biomarkers that may be used as predictors of
myocardial infarction severity. In order to mimic the pathophysiological events involved in human myocardial
infarction, a temporary occlusion (90 min) of the mid-left anterior descending coronary artery was performed in a

Results: Lymphocyte subsets analysis in peripheral blood revealed significant alterations in CD4+/CD8+ ratio and
naive and effector/memory T cell percentages at 1 h post-myocardial infarction. Changes in TH1/TH2-related
cytokine, monocyte and neutrophil markers gene expression were observed in peripheral blood lymphocytes, as
well. Additionally, significant correlations between cardiac parameters (cardiac enzymes, left ventricular ejection
fraction and % infarct) and blood-derived parameters (cytokine expression and lymphocyte subset distribution)

Conclusions: Peripheral blood lymphocyte alterations are easily and swiftly detectable, so they may be good
biomarkers for a very early prognosis and to predict myocardial infarction severity.

Keywords: Acute myocardial infarction, Porcine model, Early biomarkers

Background
Acute myocardial infarction (AMI) is one of the main
death causes in the world. Only in the United States,
over 795,000 myocardial infarctions occur each year [1].
Consequently, an early and accurate diagnosis would
guarantee immediate medical intervention, leading to re-
duced mortality and improved AMI prognosis.
Myocardial infarction results from the occlusion of a
coronary artery and the subsequent myocardial ischemia.
The generated ischemia results in cell death, initiating
an inflammatory response ultimately resulting in scar
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'Stem Cell Therapy Unit, Jesds Usén Minimally Invasive Surgery Centre,
10071 Céceres, Spain

2CIBER de Enfermedades Cardiovasculares, 28029 Madrid, Spain

K BMC

formation [2]. During the inflammatory phase, chemo-
kine and cytokine cascades activation results in leuko-
cytes recruitment into the infarcted area. While
neutrophils and macrophages are involved in removing
dead cells and matrix debris from the wound site, acti-
vated macrophages release cytokines and growth factors,
leading to granulation tissue formation [3]. These events,
therefore, may be used as predictive biomarkers for early
myocardial infarction detection.

Preclinical studies in cardiovascular research are ne-
cessary for the translation of basic research to the clinic.
Animal models are widely used in the research of car-
diovascular disease pathogenesis and drug therapy [4].
Swine are reliable animal models in the field of cardio-
vascular diseases, due to their similarity in cardiac

@© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http//creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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function and anatomy with the human heart. As a mat-
ter of fact, cardiomyocyte metabolism, electrophysio-
logical properties and response to an ischemic insult,
such as AMI, have been reported to be closely similar to
the human [5]. Among all the different surgical proce-
dures developed to mimic acute or chronic myocardial
infarction, minimally invasive approaches, like the
closed-chest model, have been successfully developed
using different coronary occlusion times [6]. The stan-
dardized endovascular model of 90 min balloon occlu-
sion exhibits great similarities with AMI in humans [7].
Several evaluation methods and follow up procedures
have been established for the swine myocardial infarc-
tion model. Biomarker tests combined with electrocar-
diographic analysis are the most used procedures for
AMI diagnosis. Moreover, echocardiography and cardiac
magnetic resonance imaging are commonly performed
for the non-invasive detection of myocardial and scar
mass, left ventricular volumes, geometric remodelling,
scar reduction, contractility, myocardial perfusion and
viable myocardial mass regeneration. On the other hand,
cardiac enzymes can be detected in plasma at 4-6h
post-infarction and are the currently preferred diagnosis
biomarkers for AMI [8]. The aim of this study was to
identify the most significant alterations occurring during
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the very early phase of AMI in terms of cytokine expres-
sion and lymphocyte subset distribution in peripheral
blood. So, tracing the first symptoms, together with de-
tecting some biological biomarkers, could be useful to
predict and monitor the pathogenic process of AMI.
Here we propose some easily and rapidly accessible im-
munological markers that could provide early informa-
tion for the diagnosis of AML

Results

Phenotypic analysis of peripheral blood lymphocytes

The phenotypic analysis of peripheral blood lymphocytes
(PBLs) in the animal model was analyzed by flow cytom-
etry before and 1h after myocardial infarction model
creation. Statistically significant differences were found
in peripheral blood T-cell subsets. The percentage of
CD4+ T cells (gated as CD4+ CD8-) was significantly
increased, while CD8+ T cells (gated CD4- CD8+)
percentage decreased 1h after myocardial infarction,
in comparison to pre-AMI levels. Consequently, the
CD4/CD8 ratio was significantly raised at 1h after
model creation. No statistically significant difference
was found in NK cells (gated as CD3- CD8- CD4-
CD16+) percentage (Fig. la).
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Fig. 1 Lymphocyte subsets distribution in peripheral blood. Peripheral blood lymphocytes were isolated from blood samples collected before
acute myocardial infarction model creation (control) and 1 h after it. The blood lymphocytes subsets (a). differentiation/activation T cell subsets
(b) and IFNy+ cells (c) were analyzed by flow cytometry. Paired comparisons were performed using a Student t-test for parametric data. Graphs
show the mean + SD (n = 11) of subpopulation subsets. * < 0.05. ** < 0.01. *** <0001
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A deep analysis of activation/differentiation markers
was also performed on CD4+ and CD8+ T cell subsets.
CD45RA and CD27 co-expression was analyzed on per-
ipheral lymphocytes and the percentages of naive T cells
(CD45RA+ CD27+) and effector/memory T cells
(CD45RA-CD27-) were compared before and 1h after
myocardial infarction. No significant changes were ob-
served in CD4+ T cells. Nevertheless, the percentage of
CD8+ naive T cells and CD8+ effector/memory T cells
exhibited substantial statistically significant differences
(p<0.001). While the CD8+ naive T cell subsets signifi-
cantly increased 1 h after myocardial infarction, the CD8
+ effector/memory T cell subsets had a substantial de-
crease (Fig. 1b). Interferon y (IFNy) + T cells did not suf-
fer significant changes 1h after myocardial infarction,
when compared to the control (Fig. 1c).

Gene expression analysis of peripheral blood
lymphocytes

Cytokines and soluble factors gene expression of PBLs
was evaluated by qPCR. The transcriptional analysis
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revealed that the most studied THI-related cytokines
(Interleukin (IL)2, IFNy, Tumor Necrosis Factor «
(TNFa), IL12) decreased 1 h after myocardial infarction,
but only IFNy showed significant differences (p<0.01)
(Fig. 2a). Regarding TH2-related cytokines, only IL4
gene expression changed significantly, showing a de-
crease 1 h after AMI (Fig. 2b).

Markers related with monocytes and neutrophils were
also evaluated in this study. Among monocyte-related
markers, a significant increase in Arg-1 was found (Fig.
2¢). Surprisingly, gene expression of CELA and BPI
(neutrophil markers), was significantly decreased at 1h
post-infarction (Fig. 2d).

Cardiac function parameters and cardiac enzymes in
myocardial infarction animal model

Myocardial infarction was successfully induced in all an-
imals. A significant increase of cardiac enzymes (Creat-
ine kinase-myocardial band (CK-MB) and Troponin I)
was found at 24h when compared to baseline levels.
Cardiac Magnetic Resonance at day 7 after myocardial
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Fig. 2 Cytokines gene expression in peripheral blood lymphocytes. TH1-related cytokines (a). TH2-related cytokines (b). monocyte markers (c) and
neutrophil markers (d) were analyzed by qPCR. using GAPDH as a reference gene. Data were compared between control and 1 h after myocardial
infarction. The statistical analysis was performed using a Student t-test for parametric data. Graphs show the mean +SD (n=11) of 2 * < 005. * 001
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infarct induction showed a significant decrease of Left
Ventricular Ejection Fraction (% LVEF) as well as a sig-
nificant increase of myocardial infarction (Table 1).

Correlation analysis between cardiac function and blood-
derived parameters

Correlation analysis between cardiac parameters (cardiac
enzymes, % LVEF, % Infarct) and immunological markers
(T cell subsets and gene expression) was performed since
it may be useful for the evaluation and follow-up of
myocardial infarction in this animal model.

The analysis showed a strong positive correlation be-
tween the percentage of CD4+ IFNy+ T cells 1h after
AMI and the levels of Troponin I at 7days
post-infarction (r=0.7847; p=0.0367) (Fig. 3a). More
significant correlations were found between gene expres-
sion results and cardiac function parameters. In particu-
lar, CK-MB at 7 days and iNOS at 1h (r=0.6660; p =
0.0253) were found to be strongly and positively corre-
lated, as well as CK-MB at 7 days and CELA at 1h (r=
0.7074; p =0.0149). Contrarily, strong negative correla-
tions were identified between Troponin I at 24 h and IL2
at 1h (r=-0.6380; p=0.0472), CK-MB at 7 days and
IFNy at 1 h (r=-0.6373; p =0.0349) and % LVEF at 7 d
and IL5 at 1 h (r = - 0.6855; p = 0.0199) (Fig. 3b).

Discussion

An earlier diagnosis of patients with symptoms suggest-
ive of myocardial infarction might possibly reduce their
morbidity and mortality. AMI is a life-threatening dis-
order and its rapid identification is important for the
early initiation of appropriate, evidence-based and effect-
ive therapy. Diagnosis of AMI is usually based on elec-
trocardiogram data and detection of biomarkers of
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myocardial injury, like cardiac enzymes. Although tropo-
nin assays have a good sensitivity, they have a low speci-
ficity due to troponin elevations in the absence of
cardiac failure [9]. Consequently, it is necessary to iden-
tify early, effective and specific biomarkers for a rapid
diagnosis of AML

Large animal models, such as swine, are widely ac-
cepted for studies of AMI and ischemic cardiomyopathy.
They allow the identification of biomarkers under con-
trolled conditions, avoiding the intrinsic variability of
clinical studies: atherosclerosis, coronary arterial inflam-
mation, myocardial inflammation and other associated
pathologies. The homogeneity and repeatability of using
an animal model under controlled conditions could also
be considered a limitation because AMI in human medi-
cine is frequently associated with risk factors and comor-
bidities (i.e. smoking, hypertension, diabetes or obesity).

AMI is defined as myocardial necrosis after a marked
ischemia. Tissue injury generates endogenous signals
that activate the innate immune system. The immune
cells identify these signals and induce molecular path-
ways that lead to the recruitment of inflammatory cells
in the healing infarct [10]. Our results have demon-
strated that, 1h after myocardial infarction, peripheral
blood lymphocytes can “identify” these alarms showing
alterations in lymphocyte subsets and cytokine
expression.

More precisely, we have found that the ratio CD4
+/CD8+ T cells increases due to an increase of percent-
age of CD4+ T cells and a decrease of CD8+ T cells.
These findings are consistent with the results found in
AMI patients diagnosed no more than 12 h from the on-
set of symptoms [11]. In this study, an analogous T
cells-related gene expression was observed; however, the

Table 1 Data of cardiac function in terms of percentage of myocardial infarction and left ventricular ejection fraction and cardiac
enzymes blood levels (Troponin | and CK-MB) in pg/! for the different animals

Cardiac function Troponin | (ug/1) CK-MB (ug/l)

Animal % Infarct % LVEF Control 24h 7 days Control 24h 7 days
#1 18 30 0 26 0.2 33 9.7 3
#2 24 38 0018 18 08 22 79 35
#3 25 34 0.037 31 071 37 26 27
#4 28 22 0.071 22 029 55 15 44
#5 20 17 0.022 a4 0.66 44 20 44
#6 25 26 0017 18 0.13 43 19 34
#7 16 24 0027 23 0.28 3 14 4.1
#8 23 18 0 17 0.039 28 6.6 23
#9 25 18 0 29 069 5.1 6.8 31
#10 26 14 0.024 52 0.71 2 6 2
#11 25 27 0 36 14 2.1 10 2
#12 20 19 0013 44 0.78 26 21 45
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number of NK cells was reported as significantly de-
creased, while, in our animal model, NK cell subpopula-
tions seemed not to be affected in the early stage of
AML

Regarding lymphocyte differentiation/activation status,
an increase in naive T cells (CD8+ CD45+ CD27+) and a
decrease in the effector/memory T cells (CD8+ CD45-
CD27-) could be detected at 1 h post-infarction. The loss
in peripheral blood CD8+ memory T-cell subsets may
be caused by entrapment in the coronary microcircula-
tion early after the onset of reperfusion, as shown in
myocardial infarction patients [12]. Moreover, Emoto
and cols. Related the regulatory T cells/effector T cells
ratio with the pathophysiology of coronary atheroscler-
osis, suggesting that this ratio could be a useful marker
for the evaluation of severity of atherosclerosis [13].

Cytokines are secreted as cellular signalling proteins
that can mediate effector and regulatory effects on the
immune response playing an essential role during T cell
differentiation. Cytokine levels have been used as bio-
markers for the diagnosis of multiple diseases such as

rheumatoid arthritis [14], multiple sclerosis [15] or liver
toxicity [16]. In this study, we have demonstrated that
the gene expression of cytokines produced by Thl lym-
phocytes (IFNy) and Th2 lymphocytes (IL4) was altered
at 1 h post-infarction. Clinical studies have demonstrated
that both cytokines have a diagnostic value of success of
percutaneous coronary intervention in patients with
AMI [17].

Regarding peripheral blood monocytes, these cells mi-
grate to the site of injure and infiltrate as macrophages.
Using the coronary ligation technique in mice, it was ob-
served that a large proportion of these newly recruited
monocytes were provided by the spleen, increasing the
blood monocytes before the recruitment into infarcted
cardiac tissue [18]. This theory may explain, at least in
part, the increased expression of Arg-1 in our animal
model. Neutrophils are also used as predictive cells in
coronary heart diseases [19] and their specific marker,
myeloperoxidase (MPO), is reliable when used for dis-
criminating AMI patients [20]. Our results have demon-
strated a deficient expression of neutrophil marker BPI
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which, together with Arg-1, IFNy and IL4, could con-
tribute to the diagnosis and prognosis of AML

Additionally, in order to correlate lymphocyte subset
distribution and gene expression levels with “classical”
cardiac parameters, a correlation analysis was performed
with the data from cardiac magnetic resonance imaging
(% LVEF and Infarct area) and cardiac enzymes (Tropo-
nin I and CK-MB). In our analysis, serum Troponin I
levels at 7 days post-infarction showed a positive correl-
ation with CD4 + IFNy+ lymphocytes, suggesting that
patients with a high percentage of CD4 + IFNy+ lympho-
cytes at 1h post-infarction may have higher circulating
Troponin I levels at 7 days. The correlation between IL2
and Troponin I levels indicates that a low expression
level of IL2 at 1h after infarction could be associated
with a higher Troponin I level at 24h. On the other
hand, IFNy, iNOS and CELA expression levels were also
related with the serum levels of CK-MB at 7 days. Add-
itionally, high expression levels of IL5 detected at 1h
post-infarction could be associated with a lower % LVEF
at 7 days in patients.

Conclusions

Although it is well known that cardiac enzymes are rele-
vant and predictive biomarkers for the diagnosis of AMI,
our swine myocardial infarction model -performed
under controlled conditions- suggests that early inflam-
matory biomarkers may be useful in the follow-up of pa-
tients who have suffered an AMI. These biomarkers are
easily and swiftly detectable, which means they could be
candidates for early prognosis, predicting the severity of
myocardial infarction in a clinical scenario. It is import-
ant to note that the usefulness of these biomarkers in
AMI patients with concomitant immune-mediated dis-
eases may be compromised, since immune biomarkers
may be masked in patients with pre-existing immune
disorders.

Methods

Animals and experimental design

Young female Large White pigs (n = 12) weighting 30—
35 kg at the beginning of the study, were used for all ex-
perimental procedures. These animals were provided
and housed by the Animal facility of the Jestis Uson
Minimally Invasive Surgery Centre. At the end of experi-
ments all animals were euthanatized by intravenous ad-
ministration of 2mmol/kg of potassium chloride. All
experimental protocols were approved by the Ethics
Committee on Animal Experiments of the Jesus Uson
Minimally Invasive Surgery Centre, in accordance with
the recommendations outlined by the local government
(Junta de Extremadura) and the Directive 2010/63/EU of
the European Parliament on the protection of animals
used for scientific purposes.
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Myocardial infarction model creation

A closed chest reperfused myocardial infarction was cre-
ated in the operating theaters of the Jestis Usén Minim-
ally Invasive Surgery Centre as previously described [21].
Briefly, anesthetized animals were subjected to a percu-
taneous femoral access using a 7 Fr Introducer sheath
(Terumo, Tokyo, Japan). A Hockey Stick 6 Fr guiding
catheter (Mach 1, Boston Scientific Corporation, Natick,
MA, USA) was navigated under fluoroscopic guidance
to the origin of the left coronary artery. Coronary angio-
grams were obtained in the 40° left anterior oblique pro-
jection to better demonstrate the length of the left
anterior descending artery. Subsequently, a coronary bal-
loon catheter (typically 3 mm x 8 mm, Ryujin Plus, Ter-
umo, Tokio, Japan) was inserted over a 0.014" coronary
guidewire and advanced to below the origin of the first
diagonal branch, where it was inflated to occlude blood
flow to the distal myocardium. Occlusion was main-
tained for 90 min to assure infarct creation. Upon bal-
loon deflation, the coronary artery was checked for
patency by repeating the angiogram. During the pro-
cedure, animals were fully monitored, including blood
pressure, electrocardiogram, O, saturation, and end
tidal CO, determinations. Continuous infusion of
lidocaine at a rate of 1mg/kg/h (Lidocaine, Braun
Medical, Barcelona, Spain) was used throughout the
procedure. Systemic heparin (Heparina Rovi 5%,
Laboratorios farmacéuticos Rovi, Madrid, Spain) was
intravenously injected (150 Ul/kg) prior to percutan-
eous sheath placement.

Phenotypic characterization of peripheral blood
lymphocytes

Blood samples were drawn by puncture of the cranial
vena cava before myocardial infarct induction and 1h
after the balloon deflation and collected in EDTA con-
taining tubes for further analysis.

The PBLs were isolated by centrifugation over
Histopaque-1077 (Sigma, St. Louis, MO). 1 x 10® PBLs
were stained with fluorescent-labeled monoclonal anti-
bodies against extracellular porcine CD4, CD8a, CD14,
CD16, CD27, CD45RA, CD56 and SLAII (AbD Serotec,
Kidlington, United Kingdom). For the detection of intra-
cellular antigen IFNy, PBLs were fixed and perme-
abilized using Fix&Perm (Life technologies, Thermo
Fisher Scientific Inc., Waltham, MA USA) and stained
with the appropriate antibody (AbD Serotec). The cells
were washed and re-suspended in PBS.

Flow cytometric analysis was performed in a FACScali-
bur cytometer (BD Biosciences, San Jose, CA, USA) after
acquisition of 10° events. Cells were primarily selected
using forward and side scatter characteristics and fluor-
escence was analyzed using CellQuest software (BD
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Biosciences). Appropriate isotype-matched negative con-
trol antibodies were used in all the experiments.

Gene expression analysis

For transcriptional analysis studies, total RNA from iso-
lated lymphocytes was extracted and purified by using
the mirVana miRNA Isolation Kit (Life technologies,
Thermo Fisher Scientific Inc.), following the manufac-
turer’s instructions. RNA quality was evaluated through
spectrophotometry and ¢cDNA was synthesized from
1pg of RNA in reverse transcription reaction with the
iScript  Reverse Transcription Supermix (BioRad,
Hercules, California, USA). qPCR was performed with
commercial gene expression assays (Life Technologies,
Thermo Fisher Scientific Inc.) (Table 2), using TagMan
Fast Advance Master Mix in a QuantStudio 3 System
(Applied Biosystems, Thermo Fisher Scientific). The
qPCR products were quantified by fluorescent method
using the 24" expression. Duplicates of all samples
were analyzed separately and normalized using GAPDH
as a reference gene.

Cardiac magnetic resonance

Cardiac Magnetic Resonance studies (Intera 1.5T, Phi-
lips Medical Systems. Best, The Netherlands) were per-
formed at day 7 post-infarction. Retrospective cardiac
triggering was used. A 4 elements phase array coil was
placed around the animals’ chest. Images were acquired
in the intrinsic cardiac planes: short axis, vertical long
axis and horizontal long axis views. In order to measure
left ventricular function and mass breath hold gradient,
echo cine images were obtained over the entire left ven-
tricle. For infarct size measurements, short axis images
were acquired 5 to 15min after the injection of 0.2

Table 2 Gene and commercial references from gene expression

assays
Gene Life Techonologies Assay ID
IL-2 $503392428_m1

IFN-y $503391054_m1

TNF-a S$s03391318_g1

IL-12A $s03391176_m1

IL-10 Ss03382372_ul

IL-4 $503394125_m1

IL-5 $503394369_m1

FOXP3 Ss03376695_ul

Nos2 Ss03374608_ul

Argl $503391394_m1

CELA1 $503392393_m1

BPI S504321426_m1

GAPDH Ss03375629_ul
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mmol/kg of a gadolinium-based contrast agent (Gadobu-
trol. Gadovist 1.1 mmol/l, Bayer Schering Pharma AG,
Berlin, Germany) using a breath-hold 3D gradient-echo
inversion-recovery sequence.

Statistical analysis

Data were statistically analyzed with SPSS-21 software
(SPSS, Chicago, IL, USA). Normality was assessed using
a Shapiro-Wilk test. Paired comparisons were performed
using a Student t-test for parametric data or Wilcoxon
sign test for non-parametric data. Correlations were cal-
culated using the Pearson coefficient correlation and “r”
value was interpreted as follows: — 1.0 to — 0.5 or 0.5 to
1.0: Strong correlation, - 0.5 to — 0.3 or 0.3 to 0.5: Mod-
erate correlation, — 0.3 to — 0.1 or 0.1 to 0.3: Weak cor-
relation, — 0.1 to 0.1: None or very weak correlation. All
p-values <0.05 were considered statistically significant.

Abbreviations

AMI: Acute myocardial infarction; CK-MB: Creatine kinase-myocardial band;
IFNy: Interferon y; IL: Interleukin; LVEF: Left ventricular ejection fraction;
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ARTICLE INFO ABSTRACT

Preclinical studies in cardiovascular medicine are necessary to translate basic research to the clinic. The porcine
model has been widely used to understand the biological mechanisms involved in cardiovascular disorders for
which purpose different closed-chest models have been developed in the last years to mimic the pathophysio-
logical events seen in human myocardial infarction.

In this work, we studied hematological, biochemical and immunological parameters, as well as Magnetic
resonance derived cardiac function measurements obtained from a swine myocardial infarction model. We
identified some blood parameters which were significantly altered after myocardial infarction induction. More
importantly, these parameters (gamma-glutamyl transferase, glutamic pyruvic transaminase, red blood cell
counts, hemoglobin concentration, hematocrit, platelet count and plateletcrit) correlated positively with cardiac
function, infarct size and/or cardiac enzymes (troponin I and creatine kinase-MB).

Thus several blood-derived parameters have allowed us to predict the severity of myocardial infarction in a
clinically relevant animal model. Therefore, here we provide a simple, affordable and reliable way that could
prove useful in the follow up of myocardial infarction and in the evaluation of new therapeutic strategies in this
animal model.

Keywords:

Myocardial infarction
Porcine model
Biomarkers

1. Introduction

Preclinical studies in cardiovascular medicine are mandatory in
order to effect the translation of basic research to clinical practice
(bench to beside. There are many anatomical and physiological differ-
ences between small animal models and humans limit the extrapolation
of research results to the clinical scenario. In contrast, large animal

models such as swine display similarities to humans in terms of
anatomy, physiology and biochemical parameters (van der Spoel et al.,
2011). In the field of cardiovascular medicine, the porcine model has
been widely accepted by researchers and regulatory agencies as re-
presentative of the human disease, and is considered mandatory for
understanding the biological mechanisms involved in cardiovascular
disorders and to evaluate new therapies. In the setting of myocardial

Abbreviations: CRP, C-reactive protein; EF, ejection fraction; GGT, gamma-glutamyl transferase; GOT, glutamic oxaloacetic transaminase; GPT, glutamic pyruvic
tr i HCT, h rit; HGB, hemoglobin concentration; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; MCV,
mean corpuscular volume; MPV, mean platelet volume; MR, magnetic resonance; PCT, plateletcrit; PDW, platelet distribution width; PLT, platelet count; RBC, red
blood cell count; RDW-CV, red blood cell distribution width coefficient of variation; RDW-SD, red blood cell distribution width standard deviation; WBC, total white

blood cells count
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infarction, clinically-relevant animal models have permitted the iden-
tification of pathophysiological changes with clinical relevance. Ad-
ditionally, these animal models are a valuable tool in the evaluation of
safety aspects and efficacy of new therapeutic approaches and ideas
prior to clinical application.

The vast majority of swine animal models have been used to mimic
myocardial ischemia, either acute or chronic (Qu et al., 2012; Varga-
Szemes et al., 2014), but they have also prooved useful for studying
tachycardia and the anatomical substrate of arrhythmias (Tschabrunn
et al., 2016).

Different surgical procedures have been developed in the last 40
years to model acute or chronic myocardial infarction. Early studies
used open chest surgery ligating left anterior descending coronary ar-
tery (Lichtig et al., 1975). This surgical procedure has been used re-
cently to study the effects of the ligation at different levels and diagonal
branches (Huang et al., 2010). This approach, however, presents sev-
eral disadvantages, mostly related to its invasive nature, that adversely
affect the homogeneity of the injury obtained between animals. More-
over, cardiac parameters are influenced by the thoracotomy and high
mortality rate and complications related to the surgical trauma are
common (Munz et al., 2011).

In the last 20-30 years, the closed-chest model of myocardial in-
farction has been widely described in swine (Biondi-Zoccai et al., 2013;
Cris6stomo et al., 2013; Pérez de Prado et al., 2009) and it is widely
recognized as a more appropriate approach for cardiovascular research
as it mimics the pathophysiological events in human myocardial in-
farction in absence of surgical influences (de Waard et al., 2016;
Ishikawa et al., 2011). Variations of this model using different occlusion
times that range from 40 min (Fernandez-Jiménez et al., 2017), 60 min
(McCall et al., 2012), 90 min (Koudstaal et al., 2014) or 150 min
(Sasano et al., 2009) have been successfully developed in the last years.

Conventional evaluation methods such as electrocardiography and
cardiac enzymes have been widely used in large animal model. New
techniques developed in the last years include: modified electro-
cardiograms such as epicardial electrograms and body surface electro-
cardiograms in dogs subjected to occlusion of coronary artery (Mor-Avi
etal., 1987), endocardial electromechanical mapping in a porcine acute
infarction model (Odenstedt et al., 2003) and PET imaging in canine
myocardial infarction models (Zalutsky et al., 1992). Although very
different methods have been proposed to evaluate and monitor myo-
cardial infarction, the anatomopathological analysis using different
histological staining such as tetrazolium chloride (TTC) is still con-
sidered the most accurate approach for measuring infarct size.

To the best of our knowledge, there is a lack of immunological,
hematological and biochemical studies in swine myocardial infarction
models. In the present study, we aimed to identify any significant
changes to commonly measured parameters that occur during the acute
phase of myocardial infarction. Moreover, hematological/biochemical
parameters were correlated with biomarkers widely used to quantify
myocardial infarction such as cardiac enzymes (troponin I and creatine
kinase-MB) and cardiac magnetic resonance-derived data (ejection
fraction and infarct area).

The novelty of this work relies on the identification of biochemical
or cellular parameters altered after myocardial infarction in the porcine
model. We have identified several biomarkers useful for the assessment
of myocardial infarction. These biomarkers are closely correlated with
cardiac function or cardiac enzymes and may provide a simple, fast and
accurate quantification of myocardial infarction in this animal model.

2. Materials and methods
2.1. Animals and experimental design
Nineteen Large White pigs were housed in the animal facility at the

Jestis Uson Minimally Invasive Surgery Centre and used for all experi-
mental procedures. Animals aged 3 months and weighing 30-35kg at
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the beginning of the study were used. All experimental protocols were
approved by the Animal Welfare Ethical Committee of the Jestis Usén
Minimally Invasive Surgery Centre and fully complied with re-
commendations outlined by the local government (Junta de
Extremadura) and by the Directive 2010/63/EU of the European
Parliament on the protection of animals used for scientific purposes.

Blood sampling was performed before myocardial infarction model
creation, at 24 h and 7 days after myocardial infarction.

2.2. Myocardial infarction model creation

A closed chest reperfused myocardial infarction was created as
previously described (Criséstomo et al., 2013). Briefly, anesthetized
animals were subjected to a percutaneous right femoral access using a 7
Fr Introducer sheath (Terumo, Tokyo, Japan), and a Hockey Stick 6 Fr
guiding catheter (Mach 1, Boston Scientific Corporation, Natick, MA,
USA) was navigated under fluoroscopic guidance to the origin of the
left coronary artery. Coronary angiograms were obtained in the 40° left
anterior oblique projection to better demonstrate the length of the left
anterior descending artery. A coronary balloon catheter (typically
3 mm x 8 mm, Ryujin Plus, Terumo, Tokio, Japan) was inserted over a
0.014” coronary guidewire and advanced to below the origin of the first
diagonal branch, where it was inflated to occlude flow to the distal
myocardium. Occlusion was maintained for 90 min to assure trans-
mural infarct creation. Upon balloon deflation, the coronary artery was
checked for patency by repeating the angiogram. During the procedure,
animals were fully monitored, including blood pressure, electro-
cardiogram, O, saturation, and end tidal CO,. Continuous infusion of
lidocaine at rate of 1 mg/kg/h (Lidocaine, Braun Medical, Barcelona,
Spain) was used through the procedure. Systemic heparin (Heparina
Rovi 5%, Laboratorios farmaceuticos Rovi, Madrid, Spain) was injected
intravenously (150 UI/kg) prior to percutaneous sheath placement.

2.3. Biochemical analysis

Blood samples were collected, centrifuged to eliminate cellular
debris and processed in the random access clinical analyzer Metrolab
2300 (Metrolab S.A., Buenos Aires, Argentina) to determine their bio-
chemical composition (bilirubin, creatinine, glucose, urea, gamma-
glutamyl transferase or GGT, glutamic oxaloacetic transaminase or
GOT, glutamic pyruvic transaminase or GPT and C-reactive protein or
CRP).

2.4. Hematological analysis and phenotypic characterization of peripheral
blood lymphocytes

Blood samples were collected in EDTA containing tubes and leu-
kocyte, red blood cells and platelets-related parameters were de-
termined in an automatic hematology analyzer (Mindray BC-5300 Vet,
Hamburg, Germany). Total white blood cells (WBC) were counted:
neutrophils, lymphocytes, monocytes, eosinophils and basophils. Red
blood cells (RBC) were also counted and additional parameters were
also determined: hemoglobin concentration (HGB), hematocrit (HCT),
mean corpuscular volume (MCV), mean corpuscular hemoglobin
(MCH), mean corpuscular hemoglobin concentration (MCHC), red
blood cell distribution width coefficient of variation (RDW-CV), red
blood cell distribution width standard deviation (RDW-SD). Finally,
platelets count (PLT) was also quantified together with mean platelet
volume (MPV), platelet distribution width (PDW) and plateletcrit
(PCT).

For flow cytometry analysis, peripheral blood lymphocytes were
isolated by centrifugation over Histopaque-1077 (Sigma, St. Louis,
MO). The cells were washed twice with DMEM containing 10% FBS and
stained with fluorescent-labelled monoclonal antibodies against porcine
CD3 (Clone: CD3-12), CD8a (Clone: MIL12), CD16 (Clone: G7), CD27
(Clone: B30C7) and CD45RA (Clone: MIL13) from AbD Serotec
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(Kidlington, UK) and CD4 (Clone: 74-12-4) from BD Biosciences (San
Jose, CA, USA). For cytometric analysis, 2 x 10° cells were incubated
for 30 min at 4 °C with appropriate concentrations of monoclonal an-
tibodies and were then washed and re-suspended in PBS. The flow cy-
tometric analysis was performed in a FACScalibur cytometer (BD
Biosciences) after acquisition of 10° events. Cells were primarily se-
lected using forward and side scatter characteristics. Multiparametric
flow cytometry was performed on CD4 + T cells and CD8 + T cells
(gated as CD4+ CD8a- and CD4- CD8a+ respectively). The co-ex-
pression of CD27 and CD45RA on CD4 + T cells and CD8 + T cells
allowed us to distinguish three different T cell subsets with distinct
functional properties: naive T cells (CD45RA + CD27 +), effector T
cells  (CD45RA-CD27 +) and  effector/memory T  cells
(CD45RA-CD27-). Fluorescence was analyzed using CellQuest software
(BD Biosciences, San Jose, CA, USA) and isotype-matched negative
control antibodies were used in all the experiments.

2.5. Cardiac enzyme analysis

Blood samples were collected in EDTA containing tubes for troponin
I and creatine kinase-MB immunoassay (AQT90 Flex, Radiometer
Iberica SL, Madrid, Spain). Results are given as pg/1.

2.6. Cardiac magnetic resonance

Cardiac MR studies (Intera 1.5 T, Philips Medical Systems. Best, The
Netherlands) were performed 7 days after infarction. Retrospective
cardiac triggering was used. A 4 elements phase array coil was placed
around the animals’ chest. Images were acquired in the intrinsic cardiac
planes: short axis, vertical long axis and horizontal long axis views. For
measurement of left ventricular function and mass breath hold gradient
echo cine images were obtained over the entire left ventricle. For infarct
size measurements, short axis images were acquired 5-15 min after the
injection of 0.2mmol/kg of a gadolinium-based contrast agent
(Gadobutrol. Gadovist 1.1 mmol/l, Bayer Schering Pharma AG, Berlin,
Germany) using a breath-hold 3D gradient-echo inversion-recovery
sequence.

2.7. Statistical analysis

Statistical analysis was performed using the SPSS-21 software (SPSS,
Chicago, IL, USA). Normality was assessed using a Shapiro-Wilk test.
Paired comparisons were performed using a Student t-test for para-
metric data or Wilcoxon sign test for non-parametric data. Correlations
were calculated using the Pearson coefficient correlation and “r” value
was interpreted as follows: -1.0 to -0.5 or 0.5-1.0: Strong correlation,
-0.5 to -0.3 or 0.3 to 0.5: Moderate correlation, -0.3 to -0.1 or 0.1 to 0.3:
Weak correlation, -0.1 to 0.1: None or very weak correlation. All p-
values =0.05 were considered statistically significant.

3. Results
3.1. Biochemical parameters in peripheral blood from infarcted swine

A total of 19 animals were used for this study. Two animals died
from refractory arrhythmias during infarct creation. Peripheral blood
samples were collected from the remaining 17 pigs before model
creation (basal), at 24h and 7 days after myocardial infarction.
Biochemical parameters are shown in Fig. 1. Our results firstly de-
monstrated a significant decrease in bilirubin (p = 0.001) at 24 h and 7
d when compared to basal. In the case of urea, a significant decrease
(p < 0.05) was found at day 7 when compared to 24 h. Interestingly,
highly significant increases (p < 0.001) both in GOT and GPT were
found at 24 h when compared to basal or 7 d. Moreover, significant
increases were also observed on GOT (p < 0.05) and GPT (p < 0.001)
at day 7 when compared to baseline. Finally, significant differences
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were also found on CRP showing a decrease at day 7 when compared to
24h (p = 0.05) and basal (p = 0.05). Variations seen in creatinine,
glucose and GGT, did not reach statistical significance.

3.2. Hematological parameters in peripheral blood from infarcted swine

The analysis of hematological parameters was performed on the
same peripheral blood samples as above, collected before myocardial
infarction (basal), and post-myocardial infarction at 24 h and 7 days.

We performed the quantitative analysis of different leukocyte sub-
sets (lymphoid and myeloid). Leukocyte subsets were counted in an
automatic hematology analyzer. Results are shown in Fig. 2. Fig. 2A
shows a highly significant increase (p < 0.001) in WBC at 24 h when
compared to basal and 7 d. Regarding neutrophils, a significant increase
was also observed at 24 h when compared to basal and 7 d (p = 0.001
and p = 0.01, respectively). In the case of lymphocytes, a significant
increase (p < 0.05) was only found at 7 d when compared to basal.
Monocytes showed a significant increase at 24h (p < 0.05) when
compared to basal. Eosinophils displayed a significant increase at 24 h
(p =0.01) and 7 d (p = 0.01) when compared to basal. Finally, baso-
phils showed a significant increase at 24 h and 7 days (p < 0.001 and
p = 0.05, respectively) when compared to basal.

On the other hand, the hematological analysis was also focused on
red blood cells and hemoglobin. This analysis, represented in Fig. 2B
showed a significant decrease (p < 0.01) in RBC, HGB and HCT when
comparing 7 d to 24 h. In terms of MCV, a significant decrease was
found at 24h (p = 0.05) and 7 d (p < 0.05) when compared to basal.
No differences were found in MCH but a significant decrease was found
in MCHC at 24 h and 7 d when compared to basal (p < 0.05). Regarding
RDW-CV, several changes were found, with the highest significant
difference (p < 0.001) seen between 7 d and basal. Finally, RDW-SD
was significantly reduced at day 7 (p < 0.05) when compared to basal.

The hematologic analysis was completed with the evaluation of
different platelet parameters. This analysis, represented in Fig. 2C,
showed only a significant decrease in PLT (p < 0.05) and PCT
(p = 0.05) at 24 h when compared to basal.

3.3. Phenotypic analysis of peripheral blood lymphocytes from swine
myocardial infarction model

Lymphocytes from the 17 study pigs were isolated from blood
samples by gradient centrifugation and phenotypically analyzed by
flow cytometry at pre-specified time points: before myocardial infarc-
tion (basal) and at 24 h and 7 days post-infarction. The percentage of
CD4 + T cells (gated as CD4+ CD8a-), CD8 + T cells (gated CD4-
CD8a+), NK cells (gated as CD3-CD8a-CD4-CD16+) as well as the
CD4/CD8 ratio was determined. This analysis of lymphocyte subsets,
shown in Fig. 3, did not reveal any statistically significant difference.
Only, a slight but not significant decrease in the percentage of NK cells
was observed at 7d when compared to 24 h and basal samples.

Regarding the activation/differentiation status of lymphocytes after
myocardial infarction, a deep analysis of activation/differentiation
markers was performed on CD4+ and CD8 + T cell subsets. The
CDA45RA and CD27 co-expression was analyzed on peripheral lympho-
cytes and the percentages of naive T cells (CD45RA + CD27 +), effector
T cells (CD45RA-CD27+) and effector/memory T cells
(CD45RA-CD27-) were compared at different time points. No sig-
nificant change was observed between different time points.

3.4. Myocardial infarction model assessment

Infarction was successfully induced in all surviving animals as de-
monstrated by a significant increase (p < 0.001) in cardiac enzymes at
24h post-infarction (troponin I 27.41 * 10.46 pg/l and CK-MB
15.02 = 7.96 pg/1), compared to basal levels (troponin I 0.02 + 0.02
ug/l and CK-MB 3.80 + 1.34 pg/1) (Supplementary File 1).
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Fig. 1. Levels of biochemical parameters in peripheral blood. Blood samples were collected before acute myocardial infarction model creation (basal) 24 h and 7 d
after. Blood samples were collected, centrifuged and processed to determine their biochemical composition. Normality was assessed using a Shapiro-Wilk test. Paired
comparisons were performed using a Student t-test for parametric data or Wilcoxon sign test for non-parametric data. Graphs show the mean *+ SD (n = 17).

Horizontal lines show significant differences. *p < 0.05; ***p < 0.001.

Cardiac function was evaluated by Cardiac Magnetic Resonance at
day 7 after myocardial experimental myocardial infarction. Ejection
Fraction (% EF) as well as the size of myocardial infarction expressed as
percentage of the Left Ventricle (% Infarct) were calculated from the
MR studies. As shown in Table 1, EF ranged from 14% to 38% with a
mean * SD of 23.5% * 8.1%. The % Infarct ranged from 14% to 33%
with a mean = SD of 23.2% = 5.5%. Fig. 4 shows the individual MR
analysis in the study group (n = 17) with the myocardial infarct area
depicted on a selected representative short axis image.

3.5. Correlation analysis between cardiac function and blood-derived
parameters

In order to identify biochemical and hematological biomarkers that
could be useful for the evaluation and follow-up of myocardial infarc-
tion in this animal model, we performed a correlation analysis between
MR-derived % EF and % Infarct at day 7 and blood-derived parameters
(biochemical and hematological) obtained 24 h and 7 d post-infarction.
This paired sample correlation was also evaluated on cardiac enzymes
obtained at 24 h and day 7 post-infarction.

As expected, most of the blood-derived parameters analyzed did not
show any significant correlation with cardiac function parameters and
cardiac enzymes (Supplementary File 2). Fig. 5A shows the only sig-
nificant correlations observed on biochemical parameters: strong posi-
tive correlation between GGT and % EF (r = 0.529; p = 0.029) and
strong positive correlation between GPT and troponin I (r = 0.545;
p = 0.024).

Similarly, Fig. 5B represents the significant correlations observed on
red blood cells or hemoglobin: strong positive correlation between RBC
and % Infarct (r = 0.514; p = 0.035), strong positive correlation be-
tween HGB and % Infarct (r = 0.536; p = 0.027) and moderate positive
correlation between HCT and % Infarct (r = 0.482; p = 0.050).

Finally, regarding platelet parameters, Fig. 5C shows the correla-
tions found between PLT and % Infarct (r=-0.504; p = 0.039), PLT
and troponin I (r=-0.554; p =0.021) and PCT and % Infarct
(r=-0.493; p = 0.044).

Additionally, as expected, significant correlations were observed for
cardiac enzymes and % EF (r=-0.482; p = 0.050 for CK-MB at 24 h) as
well as between cardiac enzymes and % Infarct (r=-0.563; p = 0.019
and r = 0.623; p = 0.008 for troponin I at 24 h and 7 d, respectively).

52

4. Discussion

Clinically relevant animal models are essential to evaluate new
therapeutic strategies in myocardial infarction. It is widely accepted
that the anatomical and physiological parallelism between humans and
pigs makes this animal model a valuable tool to mimic biological and
adverse events that occur during myocardial ischemia and reperfusion.
This paper aimed to analyze biochemical parameters, hematological
values and lymphocyte subsets parameters during the acute phase of
myocardial infarction in a closed chest porcine model. Additionally,
changes in these blood-derived parameters were correlated to cardiac
function measurements obtained by MRI.

Our biochemical analysis firstly demonstrated a significant decrease
of bilirubin (heme oxygenase-1 metabolite) within 24 h post-infarction,
which is normal considering that animals were fasted for 48 h prior to
infarct induction, which causes an important physiological increase in
this parameter (Baetz and Mengeling, 1971). The significant decrease
observed after infarction corresponds to the normalization of bilirubin
levels after the fasting period.

We also evidenced highly significant changes in GOT and GPT 24 h
post-infarction as well as a direct correlation between GPT-troponin I
and GGT-EF. These results are in agreement with recent clinical studies
which demonstrated a correlation between serum transaminases and
cardiac parameters (Killip classification, infarct-related coronary artery
and troponin I) in patients with ST-segment elevation myocardial in-
farction (Gao et al., 2017). Additionally, in another study, transami-
nases quantified in 167 patients during the acute phase of percutaneous
coronary intervention demonstrated a direct correlation with systolic
dysfunction detected by MRI (Reinstadler et al., 2015). As in those
clinical observations, in our animal model the correlation between
hepatic enzymes and MRI was observed at day 7 post-infarction.

In terms of hematological parameters quantified in our preclinical
infarct model, we observed a significant increase of WBC, neutrophils,
eosinophils, monocytes and basophils at 24h post-infarction when
compared to basal samples. This leukocytosis is triggered by myocardial
infarction through the activation of bone marrow, hematopoietic cells
and leukocyte production (Dutta et al., 2015). In our animal model, the
increase of myeloid cells at 24 h exhibits strong similarities with results
previously described in patients (Engstrom et al., 2009; Sager et al.,
2016). Moreover, Ferrari et al. have recently demonstrated that WBC
counts in hospitalized patients at 72h post-admission are predictive
biomarkers that correlate with the size of ST segment elevation
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Fig. 2. Levels of hematological parameters in peripheral blood. Blood samples were collected before acute myocardial infarction model creation (basal) 24 h and 7 d
after. Blood samples were collected in EDTA containing tubes and leukocyte subsets (A), red blood cells (B) and platelets (C) were counted in an automated
hematology analyzer. Normality was assessed using a Shapiro-Wilk test. Paired comparisons were performed using a Student t-test for parametric data or Wilcoxon
sign test for non-parametric data. Graphs show the mean * SD (n = 17). Horizontal lines show significant differences. +p<0.1; *p < 0.05; **p < 0.01;

p < 0.001.

myocardial infarction (Ferrari et al., 2016).

Among the different subsets of WBC, neutrophils play a key role in
myocardial infarction. A recent paper in neutrophil-depleted mice has
demonstrated that neutrophils are involved in macrophages polariza-
tion towards an anti-inflammatory and reparative phenotype
(Horckmans et al., 2017). Moreover, a clinical study with 701 patients
showed that the percentage of neutrophils in patients with ST-segment
elevated myocardial infarction was a predictor for long-term mortality

(Men et al., 2015).

Our hematological characterization of porcine myocardial infarc-
tion model was also focused on RBC, HGB and HCT and platelets. Our
results showed a significant decrease of RBC, HGB and HCT at day 7
when compared to 24 h. Interestingly, our analyses revealed not only
significant differences but also a positive correlation between RBC, HGB
and HCT with the percentage of infarcted area. Our results are related
with clinical studies where the hematocrit has been used as a prognostic
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Fig. 3. Lymphocyte subsets distribution in peripheral blood. Peripheral blood lymphocytes were isolated from blood samples collected before acute myocardial
infarction model creation (basal) 24 h and 7 d after. Peripheral blood lymphocytes were stained with fluorescent-labelled monoclonal antibodies against porcine CD3,
CD4, CD8a, CD16, CD27 and CD45RA and different lymphocyte subpopulation were analyzed by flow cytometry. Normality was assessed using a Shapiro-Wilk test.
Paired comparisons were performed using a Student t-test for parametric data or Wilcoxon sign test for non-parametric data. Graphs show the mean + SD (n = 17).

No significant differences (p < 0.05) were found.

Table 1

Cardiac assessment parameters derived from Magnetic Resonance in terms of
percentage of myocardial infarction and ejection fraction for the different an-
imals included in the study.

CARDIAC ASSESSMENT

Animal number MI (%) EF (%)

#1 33 23
#2 28 22
#3 25 34
#4 31 38
#5 18 16
#6 14 26
#7 24 38
#8 18 30
#9 23 18
#10 20 19
#11 16 24
#12 26 14
#13 27 15
#14 25 18
#15 20 17
#16 25 26
#17 25 27

biomarker in patients with ST-segment elevation myocardial infarction
(Greenberg et al., 2010). Based on that, here we suggest that these
blood parameters (RBC, HGB and HCT) could be considered as early
biomarkers to predict the severity of surgically-induced myocardial
infarction.
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In the case of platelets, a significant decrease was observed 24h
post-infarction when compared to basal measurements. Platelets level
has been considered a very helpful tool for the classification and
monitoring of patients with ST-segment elevation (Paul et al., 2010).
Additionally, platelet count has been associated with the outcomes of
ST-elevation myocardial infarction (Ly et al., 2006) and unstable angina
(Mueller et al., 2006). In our animal model, the significant decrease in
platelets was accompanied by a significant increase in inflammatory
cells which is in agreement with clinical results published by Jaremo
et al. who described that patients with acute myocardial infarction
displayed an elevated inflammatory response associated to lower pla-
telet counts (Jaremo et al., 2000). Additionally, the correlation analysis
in our animal model demonstrated that PLT counts and PCT at 24 h
post-infarction were inversely correlated with the size of myocardial
infarction at day 7. These findings support the use of PLT and PCT at
24 h as blood derived biomarkers which are inversely correlated with
the severity of induced myocardial infarction. Moreover, the correlation
observed between troponin I and PLT counts further supports the use-
fulness of this parameter in the follow-up of this animal model.

Finally, considering that myocardial infarction is an inflammatory
process (acute or chronic depending on the etiology), here we analyzed
the different lymphocyte subsets and differentiation/activation markers
on CD4+ and CD8 + T cells. Although clinical studies monitoring these
T cell subsets are somewhat ambiguous, it seems that there is a sig-
nificant decrease of CD4+/CCR7 + T cells after myocardial infarction
(Hoffmann et al., 2012). The reason behind this change is still unclear
in patients: redistribution of CD4 + T cells in periphery vs accumula-
tion in myocardium. Experimental animal models are providing very
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Fig. 4. Representative images of Cardiac Magnetic Resonance. Cardiac Magnetic Resonance studies were acquired at day 7 after myocardial infarction.
Representative images were obtained from animal #12. A and B: short axis images. C and D: Four-chamber views. B and D depict delayed enhancement images
obtained 10-15 min after gadolinium administration. The infarcted area is shown in white (arrows) and healthy myocardium in black.

relevant information regarding the role of CD4 + T cells. Firstly, a
significant decrease in myocardial infarct size has been observed in
CD4-depleted mice (Yang et al., 2006). Secondly, CD4+ regulatory T
cells could reduce the pro-inflammatory environment shifting it to-
wards a pro-healing phenotype in a rat myocardial infarction model
(Tang et al., 2012). In the case of circulating CD8 + T cells in myo-
cardial infarction, animal studies have demonstrated that CD8-defi-
ciency did not result in any significant clinical phenotype after ex-
perimental myocardial infarction (Hofmann and Frantz, 2016).

In our study, no significant difference was observed when com-
paring different time points. However we should not discard hypothe-
tical differences at short term follow-up. Indeed, our current studies are
being focused in the very acute phase of myocardial infarction which
have shown significant differences in the CD4/CD8 ratio and percen-
tage of CD4+ and CD8 + T cells (manuscript in preparation).

Here we hypothesize that the absence of differences in CD4+ and
CD8 + T cells after myocardial infarction may be related to the im-
munological status of our animal model. This idea is supported by
clinical studies in cytomegalovirus-infected patients. These patients
have an early and long-term decrease of terminally differentiated ef-
fector-memory CD8 + T cells after myocardial infarction (Hoffmann
et al,, 2015) and a direct relation between CD8 + T cell activation
status and the pathophysiology of myocardial infarction has been sug-
gested (Savva et al., 2013). Obviously, the immunological status and T-
cell activation status of patients with acute coronary syndromes is
completely different to the immunological status of young animals
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housed under pathogen-controlled conditions and without any co-
morbidities. Based on that, we consider that the non-significant de-
crease of CD8 + T cells at 24 h post-AMI could be the consequence of
using an animal model with an immune system under a naive or resting
state. However, we should highlight that studies performed under
controlled conditions and in a homogeneous experimental group may
provide a valuable tool to identify immunologically relevant bio-
markers following the onset of ischemia.

In summary, we have performed a hematological, biochemical and
immunological characterization of acute myocardial infarction in a
clinically relevant animal model. We have identified blood derived
parameters which are significantly altered after myocardial induction,
and more importantly, which are significantly correlated with cardiac
functional parameters and/or cardiac enzymes. For that reason, the in
vitro determination of these parameters could be used as early markers
to predict the severity of myocardial infarction. Moreover, it is a simple
affordable and reliable way for the follow up of myocardial infarction
and the evaluation of therapeutic products in preclinical settings.

5. Conclusions

The novelty of this paper lies in the identification of blood-derived
biomarkers in a large animal model that closely resembles the patho-
physiological progression of myocardial infarction. The identification of
biomarkers is very useful for bridging the gap between preclinical
studies in large animal models and clinical trials. It provides relevant
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Fig. 5. Correlation analysis between cardiac assessment and blood-derived parameters. Correlations were calculated using the Pearson coefficient correlation. Graphs
show significant correlations observed between cardiac assessment (percentage of ejection fraction and infarct area) and biochemical parameters (A) red blood cells

(B) and platelets (C).

information in the evaluation of new therapeutic strategies for the
treatment of myocardial infarction.
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Experimental data demonstrated that the regenerative potential and immunomodulatory
capacity of cardiosphere-derived cells (CDCs) is mediated by paracrine mechanisms. In
this process, extracellular vesicles derived from CDCs (EV-CDCs) are key mediators
of their therapeutic effect. Considering the future applicability of these vesicles in
human diseases, an accurate preclinical-to-clinical translation is needed, as well as an
exhaustive molecular characterization of animal-derived therapeutic products. Based
on that, the main goal of this study was to perform a comprehensive characterization of
proteins and miRNAs in extracellular vesicles from porcine CDCs as a clinically relevant
animal model. The analysis was performed by identification and quantification of proteins
and miRNA expression profiles. Our results revealed the presence of clusters of immune-
related and cardiac-related molecular biomarkers in EV-CDCs. Additionally, considering
that priming stem cells with inflammatory stimuli may increase the therapeutic potential
of released vesicles, here we studied the dynamic changes that occur in the extracellular
vesicles from IFNy-primed CDCs. These analyses detected statistically significant
changes in several miRNAs and proteins. Notably, the increase in interleukin 6 (IL6)
protein, as well as the increase in mir-125b (that targets IL6 receptor) was especially
relevant. These results suggest a potential involvement of EV-CDCs in the regulation of
the IL6/ILBR axis, with implications in inflammatory-mediated diseases.

Keywords: cardiosphere-derived cells, cardiac stem cells, proteomic analyses, quantitative polymerase chain
reaction, interferon-y, extracellular vesicles, miRNA-microRNA, priming

Abbreviations: CDCs, cardiosphere-derived cells; DMEM, Dulbecco’s modified Eagle’s medium; EV-CDCs, extracellular
vesicles from cardiosphere-derived cells; EVs, extracellular vesicles; FDR, false discovery rate; IFNy, interferon gamma;
IFNy/EV-end MSCs, extracellular vesicles from IFNy-primed cardiosphere-derived cells; IPA, ingenuity pathway analysis;
iTRAQ, isobaric Tags for Relative and Absolute Quantitation; LC-MS/MS, liquid chromatography-tandem mass
spectrometry; MSCs, mesenchymal stem cells; Np, number of peptides; PBS, phosphate-buffered saline; PCA, principal
component analysis; SBT, Systems Biology Triangle; WSPP, weighted spectrum, peptide, protein.
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INTRODUCTION

Cardiac-derived stem cells have been considered as one of the
most promising therapeutic options for myocardial regeneration
(Zhang et al.,, 2015; Lader et al., 2017). However, more than
30 top-cited articles have been retracted in the last year
(Chien et al, 2019). In the early years of stem cell-based
therapies, several disappointing results were reported after
the administration of MSCs in myocardial infarction (Miao
et al, 2017). Some years later, clinical trials were focused
on the administration of cardiac stem cells, and 5 years
ago, the clinical trial CADUCEUS (ClinicalTrials.gov Identifier:
NCT00893360) opened an optimistic scenario in cardiology,
demonstrating the regenerative potential of autologous CDCs
(Malliaras et al., 2014).

Nowadays, accumulating pieces of evidence have
demonstrated that paracrine mechanisms have a major impact
on immunomodulation and tissue regeneration capacity of stem
cells (Epstein, 2018). In this sense, exosomes derived from CDCs
have demonstrated a therapeutic effect (Ibrahim et al., 2014).
This was further confirmed in a clinically relevant animal model
of acute and chronic myocardial infarction, where exosomes also
demonstrated a relevant clinical outcome (Gallet et al., 2016).

Considering these results, different groups have tried to
unravel the molecular mechanisms underlying the therapeutic
effects of CDCs and their EVs. In this sense, in vitro and
in vivo studies in murine models using EV-CDCs and their most
abundant small RNA constituent, the Y RNA fragment YFI,
produced an increase in the anti-inflammatory cytokine IL10
levels, inducing cardioprotection and attenuating hypertension-
associated damage (Cambier et al., 2017, 2018).

In vivo studies in rats and pigs have also demonstrated
that exosomes from CDCs reduce the presence of infiltrating
macrophages in the infarcted tissue and mediate macrophage
polarization through miRNAs, such as mir-181b (de Couto
et al., 2017). Furthermore, the analysis of miRNAs in exosomes
from CDCs cultured under hypoxic conditions increased pro-
angiogenic miRNAs (mir-126, mir-130a, and mir-210) (Namazi
et al.,, 2018a) as well as helped in the release of exosomes with
anti-apoptotic properties (Namazi et al., 2018b).

Taking together the therapeutic effect of CDC-derived EVs
and their promising application in different diseases, such as
Duchenne muscular dystrophy (Aminzadeh et al., 2018), the
first goal of this study was to identify biomarkers, or clusters of
biomarkers, that might be associated with the therapeutic efficacy
of EV-CDCs. A detailed characterization and classification of
the proteome was performed by high-throughput proteomic
screening, followed by bioinformatic analyses.

Furthermore, an innovative aspect of our study lies in
the characterization of EVs isolated from IFNy-primed CDCs
(IFNY/EV-CDCs). The idea of priming adult stem cells with
IFNY to increase their immunomodulatory or pro-regenerative
effect is not new, and this effect has been experimentally
demonstrated in MSCs from umbilical cord blood (Oh et al.,
2008) and human adipose tissue (DelaRosa et al, 2009).
More recently, several studies have been focused on in vitro
stimulation protocols to trigger the release of vesicles loaded
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with therapeutic agents. In this regard, primed MSCs (exposed to
hypoxia and serum deprivation) released exosomes with increase
in the immunomodulatory potential (Showalter et al., 2019),
inflammation-primed MSCs amplified EVs immunosuppression
against T-cell proliferation (Di Trapani et al, 2016), and
interleukin-1B-primed MSCs produced exosomes with an
increased expression of mir-146a with immunomodulatory
properties (Song et al., 2017). It is important to note that the
inflammatory priming of MSCs has been recently used for donor
selection using miRNAs as biomarkers (Ragni et al., 2019).

Apart from protein characterization and considering that
miRNA cargo has a key role in the effector function of EVs
(Qiu et al, 2018), this study has been also focused on the
characterization of a large panel of miRNAs. These miRNAs were
selected for their involvement in cardiac regeneration, immune
response, and expression in EVs derived from adult stem cells.

To our knowledge, this is the first study describing the
proteomic and miRNA profiling of IFNy/EV-CDCs from
a clinically relevant animal model. Here, we show the
identification, quantification, and classification of proteins
according to immune-related and cardiac-related categories. The
presence of interleukin 6 (IL6) in the proteomic analysis is
especially relevant, as well as the expression of different miRNAs
targeting interleukin 6 receptor (IL6R). Altogether, these results
highlight a critical role for IL6/IL6R axis in the therapeutic
effect of EV-CDCs.

MATERIALS AND METHODS

Isolation and Characterization of CDCs
CDCs were isolated from cardiac explants of four euthanized
healthy large white pigs. This procedure was authorized by
the Animal Welfare and Ethics Committee of the Jesus Uson
Minimally Invasive Surgery Centre, in accordance with the
recommendations outlined by the local government (Junta
de Extremadura), and the EU Directive 2010/63/EU of the
European Parliament on the protection of animals used for
scientific purposes.

Briefly, explants were mechanically disaggregated and
subjected to three successive enzymatic digestions with a
solution of 0.2% trypsin (Lonza, Basel, Switzerland) and 0.2%
collagenase IV (Sigma, St. Louis, MO, United States). Cell
culture, isolation, and in vitro expansion were performed as
previously described by our group (Blazquez et al., 2016).

IFNy Treatment, Isolation, and

Characterization of EV-CDCs

EV-CDCs were isolated from expanded CDCs at passages
12-15 and 80% confluence. For preconditioning, cells were
treated with 3 ng/ml swine IFN gamma Recombinant Protein
(IFNy, catalog number RP0126S-025; Kingfisher Biotech, Saint
Paul, MN, United States) for 3 days in standard culture
medium. Controls and preconditioned cells were washed with
PBS and incubated with DMEM containing 1% insulin-
transferrin-selenium (product code: 41400045; Thermo Fisher
Scientific, Waltham, MA, United States). This conditioned
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FIGURE 1 | High-sensitivity flow cytometry analysis of extracellular vesicles
derived from CDCs (EV-CDCs) at the single-particle level. (A) Histogram of
particle size with a bin width of 10 nm for control EV-CDCs (blue, n = 4) and
EVs isolated from IFNy-primed CDCs (IFNy/EV-CDCs) (red, n = 4) analyzed by
NanoFCM. Data show average (+SD) of the relative frequency of total events
from representative technical replicates. (B) Concentration and median size
values of EV-CDC (n = 4) and IFNy/EV-CDC (n = 4) samples characterized in
this study. Dilution range was tested for every sample, and two technical
replicates were recorded for at least 3,000 and up to 12,000 events. Data
show the average (+SD) of group samples.

medium was collected at day 4 and centrifuged first at
1,000 x g for 10 min at 4°C, and then 5,000 x g for
20 min at 4°C. Supernatants were filtered through a 0.22-
im mesh to eliminate dead cells and debris. The filtrate was
used to concentrate the EV-CDCs through a 3-kDa MWCO
Amicon® Ultra device (Merck-Millipore, MA, United States)
by centrifugation at 4,000 x g for 1 h at 4°C. Concentrate
samples were recovered from the device and stored at —20°C
until further analyses.

The characterization of EV-CDCs was performed by high-
throughput proteomic analysis, and proteins were classified
following the MISEV2018 guidelines of the International
Society for Extracellular Vesicles (ISEV) (Théry et al,
2018). In compliance with ISEV recommendations, EV
preparations should be characterized by at least three positive
protein markers. Accordingly, a total of 88 proteins from
our EV-CDCs were grouped in the following categories:
“Transmembrane or GPI-anchored proteins associated to
plasma membrane and/or endosomes”, “Cytosolic proteins
recovered in EVs”, “Major components of non-EV co-
isolated structures”, “Transmembrane, lipid-bound, and soluble
proteins associated to other intracellular compartments than
PM/endosomes”, and “Secreted proteins recovered with EVs”.
Supplementary Table S1 shows the classification of proteins
according to these categories.
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In addition to proteomics, a Flow NanoAnalyzer (NanoFCM
INC.,, United Kingdom) was used for the multiparameter
analysis of EV-CDCs samples. The Flow NanoAnalyzer platform
enables quantitative and multiparameter analysis of single EVs
down to 40 nm, which is distinctively sensitive and high
throughput. All experiments were performed in compliance with
the NanoFCM system’s recommendations (more information
on http://www.nanofcm.com/). Briefly, dilution of all samples
was individually tested in order to record a total number of
events in between 3,000 and 12,000. Concentrated DMEM 1%
insulin-transferrin-selenium medium was used for threshold
setting and as a blank. Monodisperse silica nanoparticles
cocktail (68-155 nm. Cat. No. S16M-Exo; NanoFCM INC.)
were employed as the reference to calibrate the size of EVs
and polystyrene 210 nm beads (QC Beads; Cat. No. S08210;
NanoFCM INC.) at 1:100 dilution for particle concentration
estimation. Light scattering was used for the measurement of
nanoparticle size and size distributions. The EV size range was
set at 40-200 nm. All samples were measured with at least two
technical replicates.

Protein Identification by High-Resolution
Liquid Chromatography Coupled to Mass
Spectrometry

Protein characterization of EV-CDCs and their comparison
with IFNy/EV-CDCs was performed by a high-throughput
multiplexed quantitative proteomic approach according to
previously described protocols (Jorge et al, 2009; Navarro
and Vazquez, 2009; Bonzon-Kulichenko et al., 2011; Navarro
et al., 2014; Garcia-Marqués et al., 2016). Protein extracts
were incubated with trypsin using the Filter Aided Sample
Preparation (FASP) digestion kit (Expedeon, San Diego, CA,
United States), as previously described (Wisniewski et al., 2011).
The resulting peptides were labeled using 8plex-iTRAQ reagents,
according to the manufacturer’s instructions, and desalted
on OASIS HLB extraction cartridges (Waters Corporation,
Milford, MA, United States). Half of the tagged peptides
were directly analyzed by liquid chromatography tandem mass
spectrometry (LC-MS/MS) in different acquisition runs, and
the remaining peptides were separated into three fractions
using the high pH reversed-phase peptide fractionation kit
(Thermo Fisher Scientific). Samples were analyzed using an
Easy nLC 1000 nano-HPLC coupled to a Q Exactive mass
spectrometer (Thermo Fisher Scientific). Peptides were injected
onto a Cl18 reversed-phase nano-column (75 wm LD. and
50 cm; Acclaim PepMapl00 from Thermo Fisher Scientific)
in buffer A [0.1% formic acid (v/v)] and eluted with a
300-min lineal gradient of buffer B [90% acetonitrile, 0.1%
formic acid (v/v)], at 200 nl/min. Mass spectrometry (MS)
runs consisted of 140,000 enhanced FT-resolution spectra
in the 390 to 1,500-m/z wide range and separated 390-
700 m/z (range 1), 650-900 m/z (range 2), and 850-
1500 m/z (range 3) followed by data-dependent MS/MS
spectra of the 15 most intense parent ions acquired along
the chromatographic run. HCD fragmentation was performed
at 30% of normalized collision energy. A total of 14 MS
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FIGURE 2 | High-throughput proteomic analysis on EV-CDCs. Protein extracts from EV-CDCs (n = 4) and IFNy/EV-CDCs (n = 4) were processed by high-resolution
liquid chromatography coupled to tandem mass spectrometry analyses. Those proteins were identified by at least two peptides (n = 952) and were classified
according to their biological function using annotations from the Gene Ontology (A) or Reactome (B,C) databases. (A) Pie charts representing the percentage of
proteins (% of total pig annotated proteins) classified as Extracellular exosome (GO:0070062, orange), Extracellular space (GO:0005615, green), and Extracellular
matrix (GO:0031012, blue) proteins. Significantly enriched Reactome top-level pathways [enrichment value of p < 0.01, 5% false discovery rate (FDR)] including (B)
the global EV-CDC proteome (n = 952, Np > 2) and (C) particular most abundant proteins (n = 74, Np = 20).
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data sets, eight from unfractionated material and six from
the corresponding fractions, were registered with 80 h total
acquisition time.

Peptide Identification, Protein
Quantification, and Statistical Analysis
For peptide identification, MS/MS scans were searched
as previously described by Binek et al. (2017) using a
combined pig and human database (UniProtKB/Swiss-
ProtUniProtKB/Swiss-Prot  20147_02 07  Release).  Sus
scrofa gene and protein annotation is not complete;
hence, pig proteins were given priority when they shared
peptides with human proteins. The Proteome Discoverer
2.1 software (Thermo Fisher) was used for database
searching with the following parameters: trypsin digestion
with two maximum missed cleavage sites, precursor mass
tolerance of 800 ppm, fragment mass tolerance of 0.02 Da.
Variable methionine oxidation (4+15.994915 Da) and fixed
cysteine carbamidomethylation (+57.021 Da), and 8plex-
iTRAQ labeling at lysine and N-terminal modification
(4304.2054) were chosen.

For peptide identification, the MS/MS spectra were searched
using the probability ratio method (Martinez-Bartolomé et al.,
2008), and the FDR of peptide identification was calculated based
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on the search results against a decoy database using the refined
method (Navarro and Vazquez, 2009). Peptide and scan counting
were performed assuming as positive events those with an FDR
equal or lower than 1%.

Quantitative information of 8plex-iTRAQ reporter ions was
extracted from MS/MS spectra using an in-house developed
program (SanXoT) as already described (Trevisan-Herraz et al.,
2019), and protein abundance changes were analyzed using the
WSPP statistical model (Navarro et al., 2014).

Briefly, the log,-ratio of concentration in the two samples
being compared, A and B, determined by spectrum s of peptide
p derived from protein g in experiment e is expressed as
Xegps = 10og2(A/B). The logy-ratio value associated with each
peptide, Xeqp, is then calculated as a weighted average of the
spectra used to quantify the peptide, and the value associated with
each protein, Xy, is similarly the weighted average of its peptides.
In addition, a grand mean, X, is calculated in each experiment
as a weighted average of the protein values. In this study, we
calculated X, by the integration of the four biological replicates,
both from control and IFNy samples, and determined log, -
(XeIFNy/X. control). WSSP was applied in the SBT workflow
that detects significant protein abundance by performing the
protein to category integration and taking into account the
protein outliers within each category (Garcia-Marqués et al.,
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FIGURE 3 | Quantitative proteomic analysis of IFNy/EV-CDCs. (A) Quantitative proteomic results. Protein profile changes were analyzed by the WSPP model
(Navarro et al., 2014) to identify significantly altered proteins comparing IFNy/EV-CDCs and EV-CDCs samples. Since a combined database (human and pig) for

the average of iTRAQ reporters from EV-CDCs control samples. Statistical differences between Zq values of sample groups were evaluated by paired t-test.
Significant protein abundance change was set at a value of p < 0.05. Plots show the integrated Zq values from the sample groups for those proteins significantly up-
(red) or down-regulated (blue) in IFNy/EV-CDCs vs. EV-CDCs. (B) Significantly changed proteins were classified and annotated by Reactome in the top level
pathways. (C) A total of 952 proteins (number of peptides, Np > 2 at 1% FDR) quantified by iTRAQ-based proteomics were subjected to PCA. Left: Score plot for
PC1 (40% variance explained) vs. PC3 (16% variance explained). Right: Score plot for PC2 (32.2% variance explained) vs. PC5 (3.4% variance explained). Data
display 95% confidence regions. Animal origin (n = 4) is indicated on the plots as p1-p4. IFNy/EV-CDCs (treated) and EV-CDCs (untreated, control) samples are

(gene) values (Zq) are reported as the standardized variable, which is defined as
ratio of each sample was calculated against an internal standard (IS) based on

2016). For that, proteins were previously annotated based on
Gene Ontology database (The Gene Ontology Consortium,
2017). The algorithm provides a standardized variable, Zg,
defined as the mean-corrected log,(A/B) expressed in units
of standard deviation at the protein level. Student t-test was
used to compare Zg values from EV-CDCs and TFNy/EV-CDCs,
and the statistical significance was set at a value of p < 0.05.
Enrichment analysis of proteins was performed by DAVID
functional annotation database' (Huang et al., 2009a,b) and
Benjamini-Hochberg FDR was used for multiple test correction
(FDR < 0.05). For biological data interpretation, proteins
were classified using the Reactome pathway database® (Fabregat
et al,, 2018). The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE
(Perez-Riverol et al., 2019) partner repository with the dataset
identifier PXD016434.

Additionally, PCA was performed on proteins with
two or more peptides (number of peptides or Np > 2)

"https://david.ncifcrf.gov/home.jsp
“https://reactome.org/
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quantified after iTRAQ proteomic analysis and at 1% FDR.
For PCA, Metaboanalyst software version 4.0° (Chong et al.,
2018) was used.

To validate the differential expression patterns shown
by proteomic analysis, the expression of IL6 in EV-CDCs
and IFNy/EV-CDCs from three pigs was determined
using Porcine IL6 DuoSet ELISA kit (R&D SYSTEMS,
Minneapolis, MN, United States). EV samples were normalized
by total particle concentration measured by NanoFCM
system. ELISA protocol was performed following the
manufacturer’s instructions. IL6 concentrations between
EV-CDCs and IFNy/EV-CDCs were compared through a
paired t-test.

miRNAs Expression in EV-CDCs and
Target Interactions

Expression of the selected miRNAs in EV-CDCs was evaluated
by real-time quantitative PCR (qPCR). Total RNAs from
EV-CDCs were isolated using mirVANA miRNA isolation

*https://www.metaboanalyst.ca/
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FIGURE 4 | miRNA expression abundance in EV-CDCs. miRNA expression
was analyzed by gPCR. Total RNA was isolated from EV-CDCs, and the
amplification products were analyzed by the 2~ method using the most
stable miRNAs as endogenous controls. The statistical analysis was
performed using a Thermo Fisher Cloud Analysis version 1.1. The figure
shows the abundance of miRNAs in terms of 2-ACt, from less (blue) to more
abundant (red), grouped by our selected miRNA panel.

kit (Applied Biosystems, Foster City, CA, United States),
following the manufacturer’s protocol for total RNA extraction.
Quality and concentration of total RNAs were evaluated
by spectrophotometry. For reverse transcription, 10 ng of
total RNA was used to synthesize miRNAs' cDNA using
TagMan® Advanced miRNA cDNA Synthesis kit (Cat.
No. A28007; Thermo-Fisher Scientific Inc, Waltham,
MA, United States), according to the manufacturer’s
instructions. Five microliters of diluted c¢DNA (1:100)
was then employed as template for qPCR amplification
with the TaqManTM Fast Advanced Master Mix (Cat. No.
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4444964; Thermo-Fisher Scientific Inc., Waltham, MA,
United States). Commercial TagMan® Gene Expression
Assays probes (Thermo-Fisher Scientific Inc., Waltham, MA,
United States) were used, according to the manufacturer’s
recommendations, to evaluate the relative expression of 44
miRNAs (Supplementary Table S2). qPCR reactions were
performed in duplicate, and molecular biology-grade water
replaced ¢cDNA in no template control reactions. Data from
individual TagMan Assays were acquired by QuantStudio 3
Real-Time PCR System (Applied Biosystems, Thermo Fisher
Scientific Inc.) and quantified with the Relative Quantification
Application (Thermo Fisher) tool in the Thermo Fisher Cloud
software. Levels of each miRNA were normalized to three
endogenous controls selected by their score variation. The
quantification of miRNAs was performed by 272 calculation.
Moreover, EV-CDC and IFNy/EV-CDC differences were
compared through paired t-test and 27 22Ct calculation
(Livak and Schmittgen, 2001).

The miRNet web tool* (Fan and Xia, 2018), that integrates Sus
scrofa database, was used for miRNA target interaction analysis.
Subsequently, Reactome was used to classify the targeted genes
according to their biological function.

In vitro Differentiation and Activation of
Peripheral Blood Lymphocytes (PBLs),
Co-culture With EV-CDCs and
IFNy/EV-CDCs, and Flow Cytometry
Analysis

Extracellular vesicles from cardiosphere-derived cells and
IFNY/EV-CDCs were co-cultured in vitro with peripheral
blood lymphocytes (PBLs) in order to evaluate their
immunomodulatory effect. Peripheral blood from one large
white pig was collected in EDTA-containing tubes. The
blood was diluted in PBS, layered over Histopaque-1077
(Sigma, St. Louis, MO, United States), centrifuged, washed
twice with PBS, and seeded in V-bottom 96 well plates at
a total density of 200,000 cells per well in RPMI medium.
EV-CDCs (n = 4) and IFNY/EV-CDCs (n = 4) from four
different animals were added to different wells at different
concentrations (50, 100, and 200 pg/ml), and analyzed at
day 3 by flow cytometry. PBLs without EVs were used as
negative control.

For flow cytometry analyses, cells were incubated for
30 min at 4°C with fluorescence-labeled porcine monoclonal
antibodies against porcine CD4, CD8a, CDI14, CD16, CD27,
CD45RA, and Swine Leukocyte Antigen class II (SLAIL;
AbD Serotec, Kidlington, United Kingdom). Cells were then
washed and re-suspended in PBS. Analyses were performed
in a FACScalibur cytometer (BD Biosciences, San Jose, CA,
United States) after acquisition of 10,000 events. Cells were
primarily selected using forward and side scatter characteristics,
and fluorescence was analyzed using CellQuest software (BD
Biosciences). Appropriate isotype-matched negative control
antibodies were used in all the experiments. Paired t-test

*https://www.mirnet.ca/miRNet/home.xhtml
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was used to compare each EV dose to the corresponding
negative control.

RESULTS

High-Throughput Analysis of EV-CDCs
and IFNy/EV-CDCs

Proteomic profiling provides a global view of subcellular
fractions, offering a better understanding of protein abundance.
Moreover, quantitative proteomics is a valuable technique
for a better characterization of biological products, such as
stem cells or stem cell-derived vesicles. In this work, the
identification and quantification of EV-CDCs proteins were
performed by high-throughput quantitative proteomics using
multiplex peptide stable isotope labeling, a useful technique
for the characterization of these vesicles (Cypryk et al., 2014).
Additionally, high-sensitivity flow cytometry analyses on
EV-CDCs samples were performed. Sizing profile of the
samples demonstrated that preparations were enriched in
small EVs (ranging from 40 to 200 nm) (Figure 1). Median

Frontiers in Cell and Developmental Biology

size and concentration of the released EVs showed no
significant differences between EV-CDCs and IFNy-primed
CDCs. Besides, nano-FCM analyses performed on non-
concentrated conditioned media did not show significant
differences in particle releasing between CDCs and IFNy/CDCs
(data not shown).

Unfortunately, protein and gene annotation databases for
Sus scrofa are not as complete as databases for Homo sapiens.
Thus, MS/MS scans were searched against a combined pig
and human database, giving priority to pig identifications
when peptide sequences were identified in both (Binek et al.,
2017). Quantification of each protein was calculated at the
gene-coding level. Of note, 1,205 protein identifications
were retrieved only from the pig database. This combined
strategy allowed us to increase the depth of the study,
depicting around 30% of the identifications (remarkably,
369 identifications were retrieved exclusively from the
human database).

Our study was limited to those proteins represented by at
least two peptides (Np > 2). Using this cut-off value, a total of
n = 952 proteins were analyzed and classified by the DAVID
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FIGURE 6 | Comparative analysis of miRNA expression between EV-CDCs and IFNy/EV-CDCs. The comparative analysis of miRNA expression was performed by
qPCR. Total RNA was isolated from EV-CDCs and IFNy/EV-CDCs, and amplification products were compared by the 2~ 24! method using the most stable miRNAs
as endogenous controls. The statistical analysis was performed using a Thermo Fisher Cloud Analysis version 1.1. Graphs show 2-4ACt *p < 0.05.
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software’ (Supplementary Table S3) (Huang et al., 2009a,b). As
shown in Figure 2A, this classification revealed that n = 375
annotations (40.23% from total annotations) were comprised
in the extracellular exosome category (GO:0070062), n = 131
(14.05%) were comprised in the extracellular space category
(GO:0005615), and n = 33 (3.54%) in the extracellular matrix
category (GO:0031012). Additionally, the EV-CDCs proteome
included 75 proteins from the 100 top-identified proteins in
ExoCarta database® (Keerthikumar et al., 2016).

The 952 proteins were then classified according to the
Reactome database (Fabregat et al, 2018) to elucidate the
functional pathways. Reactome is a hierarchically classified
database divided in 24 top-level pathways (such as Metabolism
of Proteins, Signal Transduction, Immune System) that serve as
“roots” for thousands of more specific pathways. Figure 2B
represents the number of proteins classified in the following
top-level pathways: Metabolism of Proteins (R-HSA-392499),
Signal Transduction (R-HSA-162582), Immune System (R-HSA-
168256), Cell Cycle (R-HSA-1640170), Metabolism (R-HSA-
1430728), Developmental Biology (R-HSA-1266738), Metabolism
of RNA (R-HSA-8953854), Transport of Small Molecules (R-
HSA-382551), Vesicle-Mediated Transport (R-HSA-5653656),
and Muscle Contraction (R-HSA-397014). It is important to
note that the number of proteins included in these top-level
pathways is directly correlated with the total amount of proteins
pre-classified in the Reactome database. Taking into account
this observation, an enrichment analysis of the top-abundant

*http://david.abec.ncifcrf.gov
Chttp://www.exocarta.org/
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proteins (n = 74, Np > 20) was performed to identify over-
represented pathways (enrichment analyses were calculated
using a value (—Log) adjusted by Benjamini-Hochberg FDR
correction of p < 0.05). Our analysis for the global EV-CDC
proteome (n = 952, Np > 2) demonstrated an enrichment of
several top-level pathways: Immune System, Vesicle Transport,
and Muscle Contraction (Figure 2B). The identification of
more than 300 proteins in the immune system pathway was
especially relevant. Additionally, the enrichment analysis of
top-abundant proteins highlighted several subcategories, such
as Neutrophil Degranulation, Platelet Activation, Signaling and
Aggregation, and Degradation of the Extracellular Matrix, among
others (Figure 2C).

Once the EV-CDC protein cargo was classified, we resorted to
a multiplexed quantitative proteomic approach, which offers an
extensive dynamic range and great proteome coverage, allowing
the simultaneous identification and quantification of hundreds
of proteins in the same experiment. This methodology offers
an important advantage for the analysis of limited sample
amounts (Edwards and Haas, 2016; Jylhd et al, 2018), as in
EV-CDC case. In this analysis, protein abundance changes in
the IFNy/EV-CDCs were calculated in relation to the average
values of each protein quantified in EV-CDCs (log2-ratio) and
expressed in units of standard deviation (Zq). Our results showed
that a total of 37 proteins were differentially expressed when
EV-CDCs and IFNy/EV-CDCs were compared (p < 0.05).
Among the significantly increased proteins in IFNy/EV-CDCs,
we identified SLA, PSMBY, Tubulin alpha chain, TUBA1B, CCTS5,
ASNS, CDH2, SEPT9, COC100625519, IL6, C140rfl166, PCNA,
SERPINA7, ACAT2, NCL, LIPG, NUDC, PSMA2, PLG, RABIA,
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ACTR2, and BLVRB (n = 22). Conversely, among the significantly
decreased proteins in IFNy/EV-CDCs, we identified ALDOC,
WDRI1, COL14A1, CAPG, SEPT6, PFDN4, PSMA6, TPM3,
SORBS1, ARCN1, PUF60, CHORDCI, LOC100519984, CASP3,
and PSMB6 (n = 15) (Figure 3A).

In order to validate these proteomic results, ELISA tests were
performed in EV-CDCs and IFNy/EV-CDCs. Unfortunately,
there are few available reagents for swine protein detection,
and this study was limited to the validation of IL6 expression
in EVs from three pigs by ELISA. According to proteomic
analysis, ELISA tests showed an increase in IL6 in IFNy/EV-
CDCs samples: 9.52 x 1078 £ 4.68 x 1078 ng/particle in
EV-CDCs (n = 3) and 1.37 x 1077 + 8.43 x 10~% in IFNy/EV-
CDCs (n = 3). It is important to note that the number of
samples did not allow a proper statistical analysis, and further
validations are required.

The differentially expressed proteins were then classified
according to top-level Reactome pathways (Figure 3B). Of note,
proteins such as PSMB6, ACTR2, PSMA6, TUBA1B, IL6, PSMA2,
CASP3, ALDOC, and PSMB9 were classified in the pathway
Immune System where six of them were found to be increased
(PSMB6, ACTR2, TUBA1B, IL6, PSMA2, and PSMB9) and three
decreased (PSMAG6, CASP3, and ALDOC) in IFNy/EV-CDCs vs.
control EV-CDCs.

Finally, the unsupervised evaluation of proteomic results
through principal component analyses (PCA) showed
considerable differences between EV-CDCs and IFNYy/EV-
CDCs (Figure 3C). Additionally, PCA analyses revealed that
the distribution of main protein components (PC1 vs. PC2)
from the same animal under both treatments behaved similarly,
highlighting a distinctive individual EV-CDC proteome
background regardless of IFNy priming (Figure 3C, left).
Despite individual differences among animals, IFNy-priming
of CDCs caused an important effect on the EV proteome
(Figure 3C, right).

These proteomic results prompted us to complete the
characterization of EV-CDCs and IFNY/EV-CDCs based
on miRNA analysis.

Real-Time Quantification of miRNAs on
EV-CDCs and IFNy/EV-CDCs

The comparative analysis of miRNAs was performed in a selected
panel of cardiac-related miRNAs, immune-related miRNAs,
and miRNAs associated to EVs from adult/mesenchymal and
stem/stromal cells. The evaluation of miRNAs by qPCR revealed
that 25 of 44 total evaluated miRNAs were not expressed (or
expressed below the detection limit) in EV-CDCs (Table 1).
Interestingly, mir-23a-3p, mir-191-5p, mir-21-5p, mir-125b-5p,
and let-7a-5p were abundantly expressed (2~2¢' > 4) in EV-
CDCs (Figure 4).

Based on the quantification of miRNAs, the top four most
abundant miRNAs in EV-CDCs (mir-23a-3p, mir-191-5p, mir-
21-5p, and mir-125b-5p) were further analyzed using a Sus scrofa
database with the miRNet tool. As shown in Figure 5, this analysis
revealed that the following genes could be targeted by each
of these top-abundant miRNAs: IL6R, ADGRG5, C1H180orf25,
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TABLE 1 | Panel of miRNA transcriptomic analysis of extracellular vesicles derived
from CDCs (EV-CDCs).

miRNAs References
Expressed in Not expressed in
EV-CDCs EV-CDCs
Cardiac- mir-101-3p mir-133a-5p Bernardo et al.,
related mir-21-5p mir-15b-5p 2015; Chistiakov
miRNAs mir-24-3p mir-208b-3p et al., 2016; Zhu
mir-29b-3p etal, 2016
mir-29¢-3p
mir-34a-5p
mir-34c-5p
mir-92a-3p
Immune- let-7c-5p let-7d-3p O'Neill et al., 2011;
related let-7d-3p mir-126-3p Marques-Rocha
miRNAs mir-125b-5p mir-126-5p etal., 2015
mir-127-3p mir-132-3p
mir-223-3p mir-137-3p
mir-455-3p mir-139-3p
mir-142-5p
mir-145-3p
mir-150-5p
mir-487b-5p
EV-MSCs-  let-7a-5p let-7i-3p Eirin et al., 2014;
related let-7f-5p mir-146a-5p Fernandez-Messina
miRNAs mir-100-5p mir-148a-3p etal., 2015;
mir-130a-3p mir-148a-5p Fafian-Labora
mir-191-5p mir-29a-5p et al., 2017; Zhao
mir-199a-3p mir-424-5p etal., 2017;
mir-23a-3p mir-451a Ferguson et al.,
mir-378a-3p 2018; Namazi
mir-423-3p etal., 2018a
mir-532-5p

A deep bibliographic research was performed to select a list of miRNAs for
transcriptomic analysis of EV-CDCs. These miRNAs were classified into different
groups: cardiac-related miRNAs, immune-related miRNAs, and miRNAs associated
with extracellular vesicles from adult/mesenchymal and stem/stromal cells. Real-
time quantitative PCR (gPCR) was carried out to analyze miRNA expression. The
table shows miRNA classification according to their expression in EV-CDCs.

NAA25, PHF21A, MINDY2, RAB39B, TRIM2, MBNL3, ENTPD1,
FBX028, and BMPR2.

The analysis of miRNA expression levels was also used to
compare EV-CDCs and IFNy/EV-CDCs. With this aim, 2724t
calculation was performed using EV-CDCs as the “control
group.” Paired t-test analysis demonstrated a significant increase
in mir-125b-5p in IFNy/EV-CDCs. Additionally, this analysis
showed an increase (although non-significant) in IFNy/EV-
CDCs of let-7f-5p, mir-223-3p, mir-423-3p, mir-455-3p, mir-
532-5p, mir-378a-3p, mir-100-5p, let-7a-5p, and mir-127-3p,
together with a non-significant decrease in mir-130a-3p, mir-23a-
3p, mir-199a-3p, mir-24-3p, mir-191-5p, let-7c-5p, mir-21-5p,
and let-7d-5p, and mir-101-3p (Figure 6).

Finally, miRNet analysis was carried out for the differentially
expressed mir-125b. This analysis revealed a total of 1,367
interactions with Sus scrofa target genes. The 510 genes with
more than 150 experiment scores were further classified by the
webserver g:Profiler in the Reactome pathways (Figure 7). This
classification showed that 59 targeted genes were categorized
in Metabolism; 51 targeted genes were categorized in Immune
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System; 22 targeted genes in Transport of Small Molecules; 20
targeted genes in Cytokine Signaling in Immune System; 17
targeted genes in Signaling by Interleukins, 12 targeted genes
in Extracellular Matrix Organization; and 8 targeted genes in
Toll-Like Receptor 4 (TLR4) Cascade.

In vitro Effect of EV-CDCs and
IFNy/EV-CDCs in Lymphocyte
Differentiation and Activation

The flow cytometry analysis of PBLs co-cultured with
EV-CDCs and IFNy/EV-CDCs was performed on day 3.
Activation/differentiation markers were analyzed on CD4+
and CD8+ T-cell subsets. The first analysis was focused on
CD45RA and CD27 expression. The percentages of naive
CD8+ T cells (CD45RA+/CD27+) and naive CD4+ T cells
(CD45RA+) were compared in a paired f-test using PBLs
without EVs as negative controls. Our results demonstrated
that EV-CDCs at 200 pg/ml counteracted the in vitro
differentiation of CD4+ T cells and CD8+ T cells toward
effector/memory cells. The percentages of naive CD4+ T cells
and CD8+ T cells were significantly higher than the negative
controls (PBLs without EVs) (Figures 8A,B, respectively).
Similarly, IFNy/EV-CDCs partially counteracted the in vitro
differentiation of CD4+ T cells and CD8+ T cells. However,
the differences of percentage of naive T cells between EV-
CDCs and IFNy/EV-CDCs were not statistically significant
(Figures 8A,B).

The second analysis was focused on Swine Leukocyte Antigen
class II (SLAII) expressed in CD4+ and CD8+ T-cell subsets.
The surface expression of MHC class II can be defined as an
activation marker on T-cell subsets (Revenfeld et al.,, 2017). In
this study, we quantified the percentages of CD4+ SLAII+ T
cells and CD8+ SLAII+ T cells on PBLs co-cultured with EVs.
Our results showed a significant decrease in activated CD4+4 T
cells in PBLs co-cultured with EV-CDCs and IFNy/EV-CDCs
at 200 pg/ml (Figure 8C). Additionally, PBLs co-cultured with
different EVs showed a decrease in CD8+ SLAII+ T cells
(Figure 8D), although no significant difference was found when
EV-CDCs and IFNy/EV-CDCs were compared.

DISCUSSION

Large animal models in preclinical research are essential for
a successful clinical translation of advanced therapies. Porcine
models have been widely used in cardiovascular research to
evaluate different administration routes (McCall et al., 2012),
stem cell-based therapies (Bolli et al, 2013; Ye et al, 2014;
Crisostomo et al,, 2015), and to identify biomarkers under
controlled experimental conditions (Koudstaal et al, 2014;
Blazquez et al., 2018; Lopez et al, 2019). Obviously, the
translation of preclinical results to clinical trials is an arduous
and challenging process. First, animal models cannot fully
represent human disease, where risk factors and comorbidities
play important roles. Second, therapeutic products (such as stem
cells) are usually different in animal studies and clinical trials. For
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this reason, an exhaustive analysis of animal-derived therapeutic
products is necessary prior to be used in preclinical models.

Nowadays, human-derived EVs from adult stem cells are
very well studied; however, animal-derived EVs are poorly
characterized, and this characterization is mandatory for a
successful translation from animal models to humans. Based
on that, the first goal of this study was to perform a deep
proteomic and genomic analysis of porcine-derived EV-CDCs.
Additionally, we hypothesized that priming in vitro cultured
CDCs with inflammatory stimuli (such as IFNy) may increase
the therapeutic potential (immunomodulatory and/or pro-
regenerative) of released vesicles. This hypothesis is based on
previous studies in which primed MSCs with hypoxia, serum
deprivation, or inflammatory cytokines produced soluble factors
with immunomodulatory and pro-angiogenic properties (Oh
et al., 2008; DelaRosa et al., 2009; Di Trapani et al., 2016; Song
etal,, 2017; Ragni et al., 2019; Showalter et al., 2019).

Our first set of results has demonstrated that in vitro
culture conditions for CDCs and vesicle isolations were optimal
and provided a satisfactory enrichment of EV-CDCs. The
nano flow-cytometry analyses led us to demonstrate that our
EV-CDC preparations were enriched in small EVs (ranging
from 40 to 200 nm). Of note, high-sensitivity nano-flow
cytometry has recently demonstrated to be comparable to
electron microscopy, notably reducing costs, sample preparation
time, and increasing statistical power of analysis (Tian et al,
2018). In our case, although the isolation protocols demonstrated
significant enrichment of extracellular exosome proteins, this
methodology did not exclude the co-purification of extracellular
matrix proteins, such as collagens, and other proteins, such as
Vinculin, Filamin A, or Fibronectin 1.

The enrichment analysis of top-abundant protein (Np > 20)
in EV-CDCs by Reactome revealed an over-representation in
three top-level categories: Immune System, Homeostasis, and
Muscle Contraction. This enrichment analysis highlights the
hypothetical involvement of proteins and clusters of proteins
in the therapeutic effect of these vesicles. For example, HSP90
(classified in Immune System) has been found to be involved in
the modulation of cardiac ventricular hypertrophy (Tamura et al.,
2019), and SPARC (classified in Hemostasis) has been found to be
involved in the improvement of cardiac function after myocardial
infarction (Deckx et al., 2019).

This study was also focused on the comparative analysis
between EVs released from in vitro cultured CDCs and EVs
from IFNy-primed CDCs. NanoFCM results did not show
significant differences between IFNy-primed and control EV-
CDCs in terms of size profile, nor particle concentration
(Figure 1). The idea of inflammatory priming to increase
the immunomodulatory effect of cells has been first described
to generate anti-inflammatory cells and, more recently, to
generate anti-inflammatory vesicles (Di Trapani et al.,, 2016;
Song et al, 2017; Showalter et al, 2019). Our matched-
paired comparative analysis revealed significant differences
in 37 proteins and, although many of these proteins may
deserve a proper discussion, we focused our interest in
some of the proteins categorized in the Immune System
pathway by Reactome.
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Our results showed differential expressions in four different
proteasome subunits: PSMA2, PSMB9 (increased), PSMB6, and
PSMAG6 (decreased). It is well known that IFNy and other
pro-inflammatory signals are involved in the formation of
immunoproteasome, which is derived from the constitutive
proteasome (Strehl et al., 2005). Moreover, the presence of co-
purified proteasome subunits has been described in exosomes
derived from MSCs, and the authors suggested that these
proteasome subunits “could synergize with other constituents to
ameliorate tissue damage” (Lai et al., 2012).

Apart from proteasome subunits, the comparative analysis
showed a significant increase in ACTR2 (actin-related protein
2) in IFNY/EV-CDCs. This protein is also classified in
the Immune System pathway (R-SSC-168256) and is a key
component of the Arp2/3 complex, which is involved in actin
polymerization (Suetsugu and Takenawa, 2003). According to
Exocarta (Mathivanan and Simpson, 2009), this protein was
previously described in very different tissues and cell types.
Moreover, Reactome pathway analysis demonstrated that this
protein is functionally classified in very different pathways,
such as EPHB-Mediated Forward Signaling, Regulation of Actin
Dynamics for Phagocytic Cup Formation, and RHO GTPases
Activate WASPs and WAVEs (Mathivanan and Simpson, 2009).
Unfortunately, it is difficult to elucidate the consequences of

Frontiers in Cell and Developmental Biology | www.frontiersin.org

this change, and the functional relevance of this protein requires
further investigations.

Among the significantly increased proteins in IFNy/EV-CDCs
classified in the Immune System pathway, the increase in IL6 is
especially relevant. The biological role of this cytokine has always
been contradictory. On the one hand, IL6 has been considered as
a pro-inflammatory cytokine, participating in the development
of coronary heart disease, obesity or diabetes (Fuster and Walsh,
2014). In contrast, it has been associated with the alternative
activation of macrophages (Mauer et al., 2014) and with an
atheroprotective effect against inflammatory vascular disorders
(Elhage et al., 2001; Schieffer et al., 2004). Additionally, it was
defined as a “myokine” with anti-inflammatory effects during
exercise (Pedersen, 2006). In the context of inflammatory-primed
MSCs, IL6 secretion has been considered as an anti-inflammatory
molecule (Xing et al., 1998). So, here, we hypothesize that the
presence of IL6 in EV-CDCs, as well as the increase in IFNy/EV-
CDCs, may have a therapeutic effect in the control of acute
inflammatory responses in myocardial infarction. However, we
should also keep in mind that many different studies have
experimentally demonstrated that IL6R signaling has an adverse
effect and a key role in the development of stroke (IL6R Genetics
Consortium Emerging Risk Factors Collaboration et al., 2012;
Schuett et al., 2012).
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FIGURE 8 | In vitro peripheral blood lymphocyte (PBL) activation and differentiation assays in co-culture with EV-CDCs and IFNy/EV-CDCs. Peripheral blood
lymphocytes (PBLs) were isolated from blood samples by density gradient and co-cultured with O (control), 50, 100, and 200 ng/ml of EV-CDC (gray bars) and
IFNy/EV-CDC (black bars) protein for 3 days. Lymphocyte activation/differentiation was analyzed by flow cytometry on CD4+ (A,C) and CD8+ T-cell subpopulations
(B,D), using naive T-cell markers (CD45RA+, CD27+) and activation marker (SLAII). Paired t-test was used to compare doses of EVs to negative controls (‘p < 0.05).

In short, the proteomic analysis of EV-CDCs and IFNy/EV-
CDCs showed a myriad of different proteins with different
functions. The bioinformatic and biostatistical analyses in top-
abundant proteins (Np > 20) suggest the contribution of
clusters of proteins in immune-related and cardiac-related
process. Once the proteomic profile of vesicles was identified,
and considering that the therapeutic effect of exosomes from
CDCs is also mediated by miRNAs (Namazi et al, 2018b),
here, we performed a quantitative and comparative analysis
in a panel of miRNAs. This panel was selected for their
association with cardiac regeneration, immune response, and
expression in EVs.

In this analysis, mir-23a-3p, mir-191-5p, mir-21-5p, mir-
125b-5p, and let-7a-5p were identified as the top-abundant
miRNAs in EV-CDCs. Although further experimental validations
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velopmental Biology

are needed to assess the impact of these miRNAs, the in silico
analysis by miRNet revealed that IL6R is a target gene of the four
top-abundant miRNAs.

The comparative analysis of miRNAs in EV-CDCs and
IFNyY/EV-CDCs showed a statistically significant difference in
the expression of mir-125b-5p. Previous studies demonstrated
that the presence of this miRNA is positively correlated
with circulating inflammatory cytokines in patients with
chronic obstructive pulmonary disease (Hu et al, 2017).
This may explain, at least in part, the increased release
of mir-125b-5p under IFNy stimuli. Additionally, mir-
125b has been described as a cardioprotective miRNA
that participates in cardiac regeneration after myocardial
infarction (Wang et al, 2014), having a key role in the
regulation of cardiomyocyte survival during acute myocardial
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infarction (Bayoumi et al., 2018). So, the local administration of
IFNy-primed vesicles may have increased therapeutic potential
in infarcted patients.

The target network for mir-125b-5p was finally analyzed
by miRNet. This analysis identified 1,367 miRNA-
gene target interactions. Although this in silico study
needs to be corroborated by functional studies, the
510 genes with the highest experiment score (>150)
were categorized by Reactome. Most of the targeted
genes were classified in the terms of Metabolism and
Immune System.

Our in silico analysis also suggested the hypothetical
involvement of the four top-abundant miRNAs in EV-CDCs,
including mir-125b-5p (differentially expressed between EV-
CDCs and IFNy/EV-CDCs), in the regulation of the IL6R
gene. According to the Interleukin-6 Receptor Mendelian
Randomisation Consortium, IL6R has been considered a target
for coronary heart disease: “IL6R blockade could provide a
novel therapeutic approach to prevention of coronary heart
disease.” Nowadays, monoclonal antibodies against IL6R,
such as tocilizumab, have been considered as a therapeutic
strategy for prevention of coronary heart disease (Carroll,
2018). Based on that, the optimization of in vitro culture
conditions for EV-CDC isolation may have a therapeutic
relevance for targeting IL6R and subsequently in inflammatory-
mediated diseases. Moreover, it would be interesting to
analyze additional miRNA targeting IL6R in EV-CDCs (i.e.,
mir-34b-3p, mir-124-3p).

Our proteomic and genomic analysis was finally completed
with an in vitro study to determine the immunomodulatory
effect of EV-CDCs and IFNy/EV-CDCs on lymphocyte
subsets. Owing to the limited availability of reagents for this
animal model, this study was focused on CD4+ and CD8+
T-cell subsets. The in vitro differentiation and activation
markers were analyzed in PBLs co-cultured with EV-CDCs
and IFNyY/EV-CDCs. Our results demonstrated that EV-
CDCs counteracted the in vitro differentiation of CD4+
and CD8+ T-cells toward an effector memory phenotype
and reduced the expression of activation markers. This
result agrees with our previous studies using EVs derived
from endometrial stem cells (Alvarez et al., 2018; Marinaro
et al., 2019). In fact, similar to Alvarez et al. (2018) here,
we could also assert that EV-CDCs have an “inhibitory effect
against CD4+ T cell activation.” It is important to note
that, under these experimental conditions, paired t-test did
not reveal significant differences between control EV-CDCs
and IFNy/EV-CDCs.

In summary, here, we demonstrate that in vitro cultured
CDCs release vesicles that are enriched in immune-related
proteins. On the one hand, the content of these EV-CDCs
can modify in vitro the immunomodulatory status of PBLs.
Within the protein content, the abundance and the increased
expression of IL6 in IFNy/EV-CDCs are especially relevant.
According to preclinical models, which demonstrated an
IL6-dependent M2b polarization using IFNy pre-conditioned
MSCs (Philipp et al, 2018), here, we hypothesize that
IL6 expression in EV-CDCs may have a key role in the
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regulation of macrophage and/or neutrophil polarization. On
the other hand, miRNA analyses pinpoint the abundance
and the differential expression of mir-125b-5p, which target
genes involved in the Immune System process, including
IL6R. Altogether, the proteomic and genomic results point
out the hypothetical involvement of these vesicles in the
regulation of IL6/IL6R axis and, subsequently, in inflammatory-
mediated diseases.
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Abstract

Acute myocardial infarction triggers a strong inflammatory response in the affected cardiac tissue. New therapeutic tools based
on stem cell therapy may modulate the unbalanced inflammation in the damaged cardiac tissue, contributing to the resolution of
this pathological condition. The main goal of this study was to analyze the immunomodulatory effects of cardiosphere-derived
cells (CDCs) and their extracellular vesicles (EV-CDCs), delivered by intrapericardial administration in a clinically relevant
animal model, during the initial pro-inflammatory phase of an induced myocardial infarction. This effect was assessed in
peripheral blood and pericardial fluid leukocytes from infarcted animals. Additionally, cardiac functional parameters, troponin
[, hematological and biochemical components were also analyzed to characterize myocardial infarction-induced changes, as well
as the safety aspects of these procedures. Our preclinical study demonstrated a successful myocardial infarction induction in all
animals, without any reported adverse effect related to the intrapericardial administration of CDCs or EV-CDCs. Significant
changes were observed in biochemical and immunological parameters after myocardial infarction. The analysis of peripheral
blood leukocytes revealed an increase of M2 monocytes in the EV-CDCs group, while no differences were reported in other
lymphocyte subsets. Moreover, arginase-1 (M2-differentiation marker) was significantly increased in pericardial fluids 24 h after
EV-CDCs administration. In summary, we demonstrate that, in our experimental conditions, intrapericardially administered EV-
CDCs have an immunomodulatory effect on monocyte polarization, showing a beneficial effect for counteracting an unbalanced
inflammatory reaction in the acute phase of myocardial infarction. These M2 monocytes have been defined as “pro-regenerative
cells” with a pro-angiogenic and anti-inflammatory activity.

Keywords Extracellular vesicles - Cardiosphere-derived cells - Acute myocardial infarction - Intrapericardial administration -
Inflammation

Introduction

Esther Lopez and Rebeca Blazquez equally contributed and should be
regarded as co-first authors.
Ver6nica Crisostomo and Javier Garcia Casado are co-senior authors

Cardiac heart failure is one of the main death causes world-
wide [1]. In acute myocardial infarction (AMI), the cardiac
tissue injury triggers a strong inflammatory process where
immune cells and soluble mediators are involved. This inflam-

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s12015-019-09926-y) contains supplementary

material, which is available to authorized users. matory process has been extensively studied, characterized
and sequenced. An initial pro-inflammatory phase occurs at
54 Francisco Miguel Sanchez-Margallo days 1-3 after myocardial infarction, and is followed by an
msanchez@cemijesususon.com anti-inflammatory phase at days 4-7, to achieve tissue repair
[2]. During the pro-inflammatory phase, cell death and tissue
! Stem Cell Therapy Unit, Jesus Uson Minimally Invasive Surgery injury trigger the release of “danger signals” (i.e. activation of
Centre, Céceres, Spain complement cascade, reactive oxygen species production,
2 CIBER de Enfermedades Cardiovasculares (CIBERCV), Toll-like receptor activation), which induce cytokine/
Madrid, Spain chemokine production for the recruitment of leukocytes, such

@ Springer

173



APPENDIX 1: PUBLICATIONS FORMING PART OF THIS THESIS

Stem Cell Rev and Rep (2020) 16:612-625

613

as neutrophils, monocytes, and T cells, to the myocardial in-
farction area. After myocardial infarction, the bone marrow
initiates the activation of hematopoietic cells and leukocyte
production which are mobilized into the blood [3].

Nowadays, many different anti-inflammatory therapies,
aimed to modulate an adverse and unbalanced inflammation,
are under evaluation [4]. Among them, cell therapy has be-
come a valuable tool since stem cells have proved to exert an
immunomodulatory effect on different immune mediated dis-
eases [5, 6]. In relation to myocardial infarction, the
intracoronary delivery of cardiosphere-derived cells (CDCs)
has already been found to attenuate myocardial inflammation
in a murine model of autoimmune myocarditis [7], and to
reverse inflammation and fibrosis in hypertensive rats [8].
The intramyocardial injection of CDCs in a myocardial por-
cine model have demonstrated an inverse correlation between
doses and engraftment, together with an increase of left ven-
tricular ejection fraction [9]. Few years later, these authors
could also demonstrate that cardioprotection was safe and
effective using 7.5 x 10° to 10 x 10° allogeneic CDCs [10].
More recently, exosomes secreted by CDCs were evaluated
in an acute and chronic porcine myocardial infarction models,
demonstrating that intramyocardial administration (but not
intracoronary) decreased scarring, and improved cardiac func-
tion [11]. These exosomes have also demonstrated an immu-
nomodulatory effect [12], an anti-apoptotic protection under
in vitro conditions [13], as well as favorable effects on hearts
from aged rats [14].

In stem cell-based therapies, the administration routes are
key factors for the treatment success. Our previous studies
have demonstrated that the intrapericardial administration of
mesenchymal stem/stromal cells (MSCs) in a porcine model
of myocardial infarction provided an optimal retention and
implantation of MSCs in the infarcted heart [15]. A similar
work using CDCs showed that these cells exert changes in
pericardial fluid lymphocytes after intrapericardial administra-
tion [16]. Based on these observations, here we hypothesize
that CDCs and/or their extracellular vesicles (EV-CDCs) may
counterbalance an exacerbated inflammatory reaction during
the acute phase of myocardial infarction.

For understanding the immunological mechanisms in-
volved in AMI after the therapies, the present study has been
carried out in a porcine model. This clinically relevant animal
model has been widely accepted by researchers and regulatory
agencies as a valuable tool in the evaluation of safety aspects
and efficacy of new therapeutic products [17].

Our preclinical study has demonstrated a successful myo-
cardial infarction induction in all animals and no adverse ef-
fect was seen for intrapericardial administration of CDCs or
EV-CDCs. As expected, significant changes were observed in
biochemical and immunological parameters after myocardial
infarction. A complete and exhaustive analysis of peripheral
blood leukocytes revealed an increase of M2 monocytes at

24 h after EV-CDCs administration, while no differences were
reported in other lymphocyte subsets. Moreover, arginase-1 (a
classical M2-differentiation marker) was significantly in-
creased in pericardial fluid at 24 h after EV-CDCs
administration.

In summary, here we demonstrate that, in our experimental
conditions, intrapericardially administered EV-CDCs have an
immunomodulatory effect, enhancing M2 monocyte polariza-
tion. These M2 monocytes have been defined as “pro-regen-
erative cells” with a pro-angiogenic and anti-inflammatory
activity which may counteract an unbalanced inflammatory
reaction in the acute phase of myocardial infarction.

Methods
Animals and Experimental Design

Female Large White pigs (n = 18), weighting 36.68 +5.18 kg
at the beginning of the study, were used for all experimental
procedures. Fifteen animals were randomly divided into three
groups: Placebo (n=5), CDCs (n=5), and EV-CDCs (n=>5).
Three additional animals were used to evaluate the effect of
EV-CDCs on the pericardial fluid leukocytes. The time points
for myocardial infarction induction, blood sampling, magnetic
resonance imaging, and intrapericardial administration are
schematized in Fig. 1. Animals were housed in the animal
facility of the Jesiis Uson Minimally Invasive Surgery
Centre. The final destination of all animals was the euthanasia,
performed with an intravenous administration of 2 mmol/kg
of KCl, applied under deep anesthesia. The experimental pro-
cedures were validated by the Ethics Committee on Animal
Experiments of the Jesus Uson Minimally Invasive Surgery
Centre, in accordance with the recommendations outlined by
the local government (Junta de Extremadura), and the EU
Directive 2010/63/EU of the European Parliament on the pro-
tection of animals used for scientific purposes.

Isolation and Characterization of CDCs

CDCs were isolated from cardiac explants of experimental
Large White pigs. Briefly, explants were mechanically disag-
gregated and digested three times with a solution of 0.2%
trypsin (Lonza, Basel, Switzerland), and 0.2% collagenase
IV (Sigma, St. Louis, MO). The cell culture isolation and
in vitro expansion were performed as previously described
by our group [16].

Isolation and Characterization of EV-CDCs
EV-CDCs were obtained from cell lines cultured at a conflu-

ence of 80% at passages 12—15. Culture medium (DMEM
with 10% Penicillin/Streptomycin, and 10% Fetal Bovine
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Fig. 1 Experimental design. At day 0, infarct model was created (white
arrow). At 72 h, magnetic resonance imaging was performed (black
arrow). Placebo, EV-CDCs or CDCs were intrapericardially administered
at 72 h (grey arrow). Blood samples were collected at day 0 (Basal), 72 h

Serum) was replaced by exosome isolation medium (1%
insulin-transferrin-selenium in DMEM with 10% Penicillin/
Streptomycin). The supernatants were collected at day 4 and
centrifuged in two steps: first at 1000 x g for 10 min, and then
5000 x g for 20 min at 4 °C. Supernatants were filtered
through a 0.22 uM filter to eliminate dead cells and debris,
and ultra-filtered through a 3 kDa MWCO Amicon® Ultra
device (Merck-Millipore, MA, USA). EV-CDCs were firstly
characterized by Field-Flow Fractionation carried out with a
regenerated cellulose membrane (cut off 10 kDa), and with a
spacer of 350 mm. Finally, a high throughput proteomic anal-
ysis was performed on EV-CDCs using high-resolution liquid
chromatography coupled to mass spectrometry-based proteo-
mic analyses, as described in our previous studies [18, 19].
The detected proteins were classified according to the Gene
Ontology term GO:0070062 (Extracellular exosome). For the
intrapericardial administrations, protein quantifications were
performed by Bradford assay, and the resulting protein con-
centration was diluted in Sodium Chloride 0.9% (w/v) to
1.832 mg/ml. Finally, 9.16 mg of exosomal proteins were
intrapericardially administered in 5 mL of Sodium Chloride
0.9%.

Myocardial Infarction Model Creation

The animal model was created by a closed chest reperfused
myocardial infarction technics, as previously described [20].
Briefly, animals were anesthetized and subjected to coronary
angiograms in the 40° left anterior oblique projection. The
occlusion of blood flow to the distal myocardium was carried
out with the insertion of a coronary balloon catheter (typically

@ Springer

(post-AMI) and 24 h after intrapericardial administration (post-therapy).
Blood samples were used for flow cytometry analysis (triangles), hema-
tology (squares) and biochemical analysis (thombus)

3 mm x 8 mm, Ryujin Plus, Terumo, Tokio, Japan) over a
0.014" coronary guidewire until reach the origin of the first
diagonal branch. The balloon was inflated for 90 min and after
balloon deflation, coronary patency was evaluated by another
angiogram. Animals were monitored during the procedure,
evaluating different parameters like blood pressure, electro-
cardiogram, O, saturation, and end tidal CO,. Lidocaine
(Lidocaine, Braun Medical, Barcelona, Spain) was perfused
during the procedure at a rate of 1 mg/kg/h and heparin
(Heparina Rovi 5%, Laboratorios farmacéuticos Rovi,
Madrid, Spain) was intravenously injected at 150 Ul/kg before
of the intervention.

Cardiac Magnetic Resonance

Cardiac Magnetic Resonance studies (Intera 1.5 T, Philips
Medical Systems. Best, The Netherlands) were acquired at
72 h after myocardial infarction. A dedicated cardiac coil
was used. Acquisitions were performed in the intrinsic cardiac
view: short axis, two- and four-chamber views. For morpho-
logical and functional studies, gradient echo cine exams, in-
cluding the entire left ventricle, were performed during ap-
neas. Scar sizes were computed in short axis delayed enhance-
ment studies performed 5—15 min after contrast administration
at a dose of 0.2 mmol/kg of gadolinium (Gadobutrol.
Gadovist 1.1 mmol/l, Bayer Schering Pharma AG, Berlin,
Germany) with a breath-hold 3D gradient-echo inversion-re-
covery sequence. Typical inversion time determined with the
Look and Locker sequence was 150 to 190 ms to obtain the
best myocardial nulling. A slice thickness of 8 mm without
gap, a FOV: 330 x 330 x 50, matrix: 224 x 200, flip angle: 15°

175



APPENDIX 1: PUBLICATIONS FORMING PART OF THIS THESIS

Stem Cell Rev and Rep (2020) 16:612-625

615

and TR/TE: 4.9/1.67 were used for imaging. Post-processing
was done using the scanner’s own software (IntelliSpace
Portal 7.0.2.20700 Philips Medical Systems, Best,
The Netherlands) by a blinded researcher. Automatically de-
tected endo and epicardial borders were carefully reviewed,
and corrected when necessary to compute left ventricular
function in terms of indexed End Diastolic (EDVi) and
Systolic (ESVi) volumes and Ejection Fraction (% LVEF).
To calculate infarct size, the percentage of left ventricular
mass in normal conditions, and in the infarcted myocardium
were identified (% Infarct) in short axis delayed enhancement
views, with dark areas corresponding to hemorrhage or micro-
vascular obstruction included.

Intrapericardial Administration

72 h after myocardial infarction induction, animals were pre-
medicated with diazepam 0.3 mg/kg and ketamine 10 mg/kg
intramuscularly. Anesthesia induction was achieved with
2 mg/kg of propofol and maintained with 1.8%-2%
sevofluorane. Auricular vein were catheterized to perfuse nor-
mal saline to preserve hydration. During this procedure, ani-
mals’ parameters were monitored, as in the previous section.

A total of 5 animals received an intrapericardial injection of
30 % 10° allogeneic CDCs in 5 ml of sodium chloride 0.9%
(w/v). Animals treated with EV-CDCs (n = 8) received a total
of 9.16 mg EV-CDCs proteins per animal in 5 ml of sodium
chloride 0.9% (w/v). The placebo group (n=5) received 5 ml
of sodium chloride 0.9% (w/v). The administration was
achieved via mini-thoracotomy and placebo, EV-CDCs, or
CDCs were administered using an Abbocath®-T 20G catheter
(Hospira, Lake Forest, IL, USA). The incision was closed
layer by layer and the animals were let to recover.

Troponin | Analysis

Blood samples were collected in EDTA tubes, and used for
Troponin I analyses at 72 h after myocardial infarction.
Concentration of Troponin I was quantified in terms of pg/l
by immunoassay (AQT90 Flex, Radiometer Iberica SL,
Madrid, Spain).

Biochemical Analyses

Biochemical analyses of peripheral blood samples were per-
formed in the clinical analyzer Metrolab 2300 (Metrolab S.A.,
Buenos Aires, Argentina). The following serum parameters
were determined: bilirubin, creatinine, glucose, urea,
gamma-glutamyl transferase (GGT), glutamic oxaloacetic
transaminase (GOT), glutamic pyruvic transaminase (GPT),
and total proteins.

Hematological Analysis

Hematological analyses were assessed in an automatic hema-
tology analyzer (Mindray BC-5300 Vet, Hamburg, Germany).
The blood parameters determined were: white blood cell
count (WBC), neutrophils, lymphocytes, monocytes, eosino-
phils, basophils, red blood cell count (RBC), hemoglobin con-
centration (HGB), hematocrit (HCT), mean corpuscular vol-
ume (MCV), mean corpuscular hemoglobin (MCH), mean
corpuscular hemoglobin concentration (MCHC), red blood
cell distribution width coefficient of variation (RDW-CV),
red blood cell distribution width standard deviation (RDW-
SD), platelets (PLT), mean platelet volume (MPV), platelet
distribution width (PDW), and plateletcrit (PCT).

Phenotypic Characterization of Peripheral Blood
Leukocytes

Peripheral blood leukocytes were isolated by centrifugation
over Histopaque-1077 (Sigma, St. Louis, MO), and washed
twice with PBS. Cells were labelleded with fluorescent-dye
anti-porcine monoclonal antibodies for the following surface
molecules: CD4 (clone 74—-12-4, BD Pharmingen, CA, USA),
CD8« (clone 76-2-11, BD Pharmingen, CA, USA), CD14
(clone TUK4, Bio-Rad, CA, USA), CD16 (clone G7, Bio-
Rad, CA, USA), CD27 (clone B30C7, Bio-Rad, CA, USA),
CD45RA (clone MIL13, Bio-Rad, CA, USA), CD107a (clone
4E9/11, Bio-Rad, CA, USA), CD163 (clone 2A10/11, BD
Pharmingen, CA, USA), and SLA-II (clone 2E9/13, Bio-
Rad, CA, USA).

2% 10° cells were incubated for 30 min at 4 °C with ade-
quate concentrations of monoclonal antibodies and the
washed and re-suspended in PBS. The analysis was performed
in a FACScalibur cytometer (BD Biosciences) after acquisi-
tion of 10° events. First, cells were selected using forward and
side scatter parameters, and then, were characterize by their
fluorescence using CellQuest software (BD Biosciences, CA,
USA). In all experiments, appropriate isotype-matched nega-
tive controls were included.

Pericardial Fluid Analysis

Before intrapericardial administration of EV-CDCs and 24 h
post-therapy, pericardial fluid samples were collected with an
Abbocath®-T 20G catheter and then centrifuged for 5 min at
450 x g. The pellet was used for relative gene expression
analysis with real time quantitative PCR (qQPCR). Total RNA
from pellets was purified using mirVANA miRNA isolation
kit (Applied Biosystems, Foster City, CA), following the man-
ufacturer’s protocol for total RNA extraction. Quality and
concentration of total RNAs were evaluated by spectropho-
tometry. For each RNA sample, 1 pg of the corresponding
c¢DNA was synthesized using iScript Reverse Transcription
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Supermix (BioRad, Hercules, CA, USA), according to manu-
facturer’s instructions. 1 pl of cDNA for each sample was then
employed as template for the qPCR amplification with the
TagMan™ Fast Advanced Master Mix (Catalogue number
4444964, Thermo-Fisher Scientific Inc., MA, USA).
Commercial TagMan® Gene Expression Assays probes
(Thermo-Fisher Scientific Inc., MA, USA) were used, accord-
ing to manufacturer’s recommendations, to evaluate the rela-
tive expression of the following genes: IFN-y
(Ss03391054_m1), TNF (Ss03391318_gl), IL-2
(Ss03392428 ml), IL-12 (Ss03391176_m1), IL-4
(Ss03394125_ml), IL-5 (Ss03394369 ml), IL-10
(Ss03382372 ul), Argl (Ss03391394 m1), NOS2
(Ss03374608 ul), BPI (Ss04321426_m1) and CELA
(Ss03392393 ml). Samples were evaluated in triplicate and
1 pl of water was substituted to templates to perform three
negative controls for each probe. The qPCR reaction was per-
formed in a QuantStudio 3 Real-Time PCR System (Applied
Biosystems, Thermo Fisher Scientific Inc.), and the products
were quantified by fluorescent method using 2"“" expression
[21] with GAPDH (Ss03375629 ul) as endogenous control.
All data were analyzed in the Thermo Fisher Cloud (also
called Thermo Fisher Connect).

Statistical Analysis

Data were statistically analyzed with SigmaPlot for Windows
version 14 software (Systat Software, IL, USA). A Shapiro-
Wilk test was used to assess normality. Paired comparisons
were determined using a Student t-test for parametric data or a
Wilcoxon signed rank test with the Yates continuity correction
for non-parametric variables. qPCR data were analyzed using
a Thermo Fisher Cloud Analysis version 1.0. Data are shown
as mean =+ standard deviation (SD). All p-values <0.05 were
considered statistically significant.

Results

Prior to animal studies, allogeneic CDCs from a single donor
were isolated and characterized as previously described [16].
The dosage (30 x 10° CDCs/animal) was selected on the basis
of previous studies using allogeneic cardiac stem cells [16,
20]. Additionally, EV-CDCs were collected and isolated as
previously described our group [18]. These vesicles showed
a mean diameter of 198 nm and the proteomic analysis dem-
onstrated a purity of 98% (percentage of proteins classified in
the Extracellular exosome term by Gene Ontology) [22]. The
supplementary fig. 1 shows the Field-Flow Fractionation and
the classification of proteins by Gene Ontology. Moreover,
according to MISEV2018 guidelines [23], our results demon-
strated the expression of CD63, LAMP2, CD81 and CD9
molecules which are classified as “Transmembrane or GPI-
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anchored proteins associated to plasma membrane and/or
endosomes”. Additionally, the proteomic analysis identified
HSP90ABI and HSPAIA proteins which are classified by
MISEV2018 guidelines as “Cytosolic proteins recovered in
EVs”.

In this study, CDCs and EV-CDCs were intrapericardially
delivered in a closed chest porcine myocardial infarction mod-
el and the follow-up was constrained to the acute phase of
myocardial infarction (Fig. 1). Cardiac function parameters
and troponin I levels at 72 h after myocardial infarction evi-
denced that the myocardial infarction was successfully in-
duced in all animals. The percentage of myocardial infarction
ranged from 14% to 38% (21.93 +6.49) and left ventricular
ejection fraction ranged from 20% to 45% (28.07 +6.08). It is
important to note that, no significant difference was observed
between randomized groups (Table 1).

The in vivo monitoring was firstly focused on different
biochemical parameters (Table 2). These biochemical param-
eters were determined before myocardial infarction (Basal)
and 72 h after (Post-AMI). This analysis demonstrated that
total proteins and urea were significantly reduced (Table 2).
The analysis of biochemical parameters was also performed to
compare the different study groups: Placebo, CDCs and EV-
CDCs. In spite of the intrinsic variability between animals, the
three groups showed an increase (although non-significant) in
the GOT and GPT after treatments (Table 3).

Our determinations also included the quantification of he-
matological parameters. The hematological analysis before
myocardial infarction and 72 h after did not show any signif-
icant difference (Fig. 2a). However, White Blood Cells
(WBC) and neutrophils were significantly increased after
EV-CDC treatment (Fig. 2b). Taking into account that WBC
quantification is the sum of all leukocytes, the increase of
WBC is reflecting this neutrophils increase.

Apart from the biochemical and hematological analyses,
the main goal of this study was to perform a deep characteri-
zation of peripheral blood lymphocyte subsets to determine
the hypothetical immunomodulatory effect of these therapies.
Although the scarce commercial availability of reagents for
the porcine model is a limiting factor in these studies, here we
could quantify CD4+ T cells (also called helper T cells), CD8+
T cells (also called cytotoxic T cells), NK cells (here defined as
CD4-/CD16+) and double positive cells (CD4+/CD8+),
which are considered by other authors as T helper memory
cells [24, 25]. Additionally, the analysis of CD4+ T cells and
CD8+ T cells was also focused on their differentiation/
activation status using CD27 and CD45RA markers. The co-
expression analysis of these two markers allowed us to iden-
tify naive T cells (CD27+ CD45RA+) and effector/memory T
cells (CD27- CD45RA-). Not only peripheral blood lympho-
cytes were analyzed, but also monocyte counts, as well as the
percentage of circulating M2 monocytes (here defined as
CDI14+CDI163+).
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Table 1 Data of cardiac function.

Cardiac function parameters were Animal % Infarction % LVEF EDVi ESVi Heart rate (bpm) Troponin I (ug/l)
determined 72 h after myocardial
infarction induction in terms of: #1 28 25 79.8 60 103 5.5
percentage of myocardial #2 28 23 80.4 61.6 102 4.1
mfarc_tlon (%'lntjcxrctlon), Leﬁ " 18 28 69.7 50.4 89 8.9
Ventricular Ejection Fraction (%
LVEF), End Diastolic Volume 4 38 3l 0o gl 83 2
index (EDVi), End Systolic #5 19 25 105.89 79.66 100 1.5
Volume index (ESVi), heart rate #6 29 24 101.7 772 74 38
sl troponin] lavels #1 26 23 75.9 58.8 81 32
#3 19 24 68.5 52 95 38
#9 18 33 89.9 60.3 68 7:5
#10 19 33 77.4 51.7 89 1
#11 18 29 74.6 52.6 85 0.6
#12 14 45 67.9 37.6 79 0.7
#13 20 20 73.9 59 88 6.3
#14 20 30 88.8 62.2 110 25
#15 15 28 99.9 72.1 89 1.8
Mean 21.93 28.07 84.08 60.62 89.00 3.75
SD 6.49 6.08 13.79 11.38 11.48 2.53

As expected, significant changes were observed when
compared T cell subsets before myocardial infarction and
72 h after. The CD4/CD8 ratio was significantly higher, as a
consequence of CD8+ T cells decrease, and CD4+ T cells
increase (Fig. 3a).

Not only CD4 + T cells and CD8+ T cells were altered after
myocardial infarction. In our lymphocyte analysis, the CD4+/
CD8+ double positive cells and NK cells were also signifi-
cantly decreased after myocardial infarction (Fig. 3a).
Unfortunately, the analysis of these lymphocyte subsets at
24 h post-therapy did not show any relevant difference in
the different study groups. Uniquely, the CD4/CD8 ratio was
significantly reduced in all groups when compared to post-
AML

In the comparative analysis of naive and effector memory
cells (performed in CD4 + T cells and CD8+ T cells) signifi-
cant differences were found when compared basal and post-
AMI (Fig. 4a). These changes were reverted after placebo,
EV-CDCs and CDCs treatments (Fig. 4b).

The multiparametric flow cytometry analysis was finally
focused in the percentage of circulating CD14 + CD163+
cells. Our results demonstrated that EV-CDCs treatment sig-
nificantly increased the percentage of these cells in peripheral
blood (Fig. 5b). This difference was not observed in the pla-
cebo, or in the CDCs group and any significant difference was
found in terms of monocyte counts.

In order to extend our results from peripheral blood to heart
tissue, pericardial fluids were collected to determine the in-
flammatory environment before and after EV-CDCs adminis-
tration. A Real-time quantitative PCR was performed to quan-
tify the expression of TH1 cytokines (IFN-y, TNF-«, IL-2 and
IL-12), TH2 cytokines (IL-4, IL-5 and IL-10), M1/M2

markers (Argl and NOS2), as well as neutrophils markers
(BPI and CELA). Argl, NOS2, IFN-y, and IL-10 were suc-
cessfully amplified and detected in all individuals, showing a
significant increase of Argl at 24 h post-therapy, as well as a
non-significant increase of NOS2, IFN-y, and IL-10 (Fig. 6a).
Unfortunately, the cDNA amplification was unsuccessful for
the other TH1 and TH2 cytokines, probably due to the limited
amount of pericardial leukocytes. Argl is a classical M2
marker for monocytes [26] and neutrophils [27], so the in-
crease of Argl/NOS2 ratio after EV-CDCs administration
(Fig. 6b) confirmed the M2 polarization observed by flow
cytometry.

Discussion

There is extensive literature describing the therapeutic poten-
tial of CDCs in myocardial infarction [28], which has been
extended to other diseases such as Duchenne muscular dys-
trophy [29] and aging [14]. Nowadays, although the therapeu-
tic effect of CDCs in aging mouse hearts is a matter of debate
[30, 31], it is widely accepted that CDCs attenuate the inflam-
mation during myocardial injury [7, 8, 16]. In vitro studies
using CDCs have also demonstrated that the anti-inflammato-
ry, anti-apoptotic, and pro-angiogenic effects of are mediated,
at least in part, through the release of extracellular vesicles
[32-34]. These CDCs-derived exosomes have been recently
evaluated in a clinically relevant animal model of myocardial
infarction demonstrating a therapeutic effect in adverse re-
modeling and scarring [11]. This therapeutic effect was solely
observed after intramyocardial delivery while the
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Table 2 Biochemical parameters in basal conditions and after
myocardial infarction induction. Blood samples were collected before
acute myocardial infarction model creation (basal) and 72 h after (post-
AMI). Normality was assessed using a Shapiro-Wilk test. Paired compar-
isons were performed using a Student t-test for parametric data or a
Wilcoxon signed rank test with the Yates continuity correction for non-
parametric variables. Values show the mean+SD (n=15). Numbers in
bold show significant differences at p <0.05

Basal (n=15) Post-AMI (n=15)

Bilirubin (mg/dl) 0.35 £ 0.04 0.14 + 0.04
Creatinine (mg/dl) 1.65 £ 0.24 1.66 + 0.24

GGT (UN) 50.86 + 7.07 39.80 + 7.07
Glucose (mg/dl) 108.50 + 12.83 88.40 + 12.83
GOT (U 32.21 +19.18 56.80 + 19.18
GPT (U/) 31.00 = 19.68 75.80 + 19.68
Proteins (g/dl) 6.20 + 0.39 522+039

Urea (mg/1) 25.79 £ 4.62 22.42 +33.30

intracoronary administration was ineffective and very similar
to placebo.

In this study, we aimed to evaluate the immunomodu-
latory effect of intrapericardially delivered CDCs and EV-
CDCs in a clinically relevant myocardial infarction mod-
el. The intrapericardial delivery is considered a safe and
effective route for stem cell-based therapies [15, 16]. Our
group has previously demonstrated that, the pericardial
fluid preserve the viability of BM-MSCs favoring the ad-
hesion and homogeneous distribution of administered
cells without adverse effects [15]. Moreover, the
intrapericardial administration of CDCs altered immuno-
logical parameters in a myocardial infarction model [16].
An important advantage of using our animal model (a
close chest experimental porcine model of myocardial in-
farction), is the repeatability and homogeneity of study

Table 3.  Biochemical parameters after myocardial infarction induction
and 24 h after treatment. Blood samples were collected 72 h after
myocardial infarction model creation (post-AMI) and 24 h after
intrapericardial administrations of Placebo, EV-CDCs and CDCs.
Normality was assessed using a Shapiro-Wilk test. Paired comparisons

groups. However, this fact could also be considered a
drawback as myocardial infarction in humans is frequent-
ly related with other complications.

In our preclinical study, we demonstrated that the
intrapericardial administration of 30 x 10° CDCs/animal was
simple and safe, which is in agreement with our previous
studies [15]. Similarly, any adverse reaction was observed
after EV-CDCs administration. In the follow-up period, our
first set of determinations was focused on the quantification of
biochemical parameters. The three groups showed a non-
significant increase of GOT and GPT at 24 h after treatments
which is in agreement with our own findings [35]. The alter-
ations of biochemical parameters during cardiac failure is a
very common event and associated with a hepatic dysfunction
due to an increase in hepatic veins pressure [36]. Moreover,
surgical approaches such as laparoscopy could also increase
serum transaminase levels [37].

In the hematological analysis, our results showed a signif-
icant increase in neutrophils after EV-CDC treatment. It is
well known that neutrophils are recruited into the infarcted
area during the inflammatory phase, being attracted by cell
debris and inflammatory signals. These cells have been usu-
ally considered as pro-inflammatory cells and according to
clinical outcomes in myocardial disease, the increase of circu-
lating neutrophils after EV-CDCs administration could be cor-
related with an aggravated outcome [38]. On the contrary,
there are evidences for the pro-regenerative and anti-
inflammatory capacity of these cells in myocardial infarction
[27, 39]. Considering this duality, the increase of circulating
neutrophils after EV-CDCs treatment deserves further inves-
tigation and a full characterization of these neutrophils.

In order to determine the hypothetical immunomodulatory
effect of these therapies, peripheral blood lymphocytes were
characterized by multiparametric flow cytometry. In this anal-
ysis, the CD4/CD8 ratio was significantly reduced in all

were performed using a Student t-test for parametric data or a Wilcoxon
signed rank test with the Yates continuity correction for non-parametric
variables. Numbers in bold show significant differences (p<0.05) for
each study group comparing post-AMI and 24 h after treatment.
Table shows the mean+SD (n=5)

PLACEBO GROUP

CDCs GROUP

EV-CDCs GROUP

Post-AMI (n=5)  Post-therapy (n=5)

Post-AMI (n=5)

Post-therapy (n=5)  Post-AMI (n=5)  Post-therapy (n=5)

Bilirubin (mg/dl) ~ 0.19+0.05 0.12+0.05 0.14+0.04 0.28+0.30 0.13+0.04 0.12+£0.03
Creatinine (mg/dl)  1.54+0.34 1.48+0.26 1.71+0.19 1.524+0.09 1.42+0.30 1.46+0.11
GGT (U 41.80+6.87 59.40+21.52 36.00+5.10 39.00+5.10 44.00+10.30 59.00+22.73
Glucose (mg/dl) 93.60+19.89 95.20+20.97 86.20+9.60 109.75+16.11 78.20+19.07 89.00+23.82
GOT (U 61.00+22.12 95.00+13.17 54.60 +20.27 116.50 £ 71.59 47.60+17.62 89.40+43.47
GPT (U/) 75.00+25.81 83.00+20.94 70.20+19.75 88.00+19.61 68.60+21.98 7420+14.29
Proteins (g/dl) 5.33+£045 6.35+0.52 5.24+0.37 5.61+£040 5.60+0.30 6.51+£0.36
Urea (mg/1) 21.56+5.66 28.14+3.95 21.78 +7.61 24.46+8.85 21.78+7.61 24.46+8.85
@ Springer
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Fig.2 White blood cell analysis in peripheral blood. Blood samples were
collected in EDTA containing tubes before acute myocardial infarction
model creation (Basal), 72 h after (Post-AMI) and 24 h after the treatment
(Post-therapy) and white blood cells were counted in an automated he-
matology analyzer. Normality was assessed using a Shapiro-Wilk test.

groups when compared to post-AMI. Most probably, this
change could be the consequence of leukocytes redistribution
from blood to the inflammation site or homeostasis-restoring
mechanisms to basal conditions. Our second hypothesis is
that, the surgical approach itself may initiate a post-operative
immunosuppression. Supporting this idea, a previous study
comparing laparoscopy and thoracotomy approaches demon-
strated that CD4 + T cells and lymphocyte numbers were

Paired comparisons of the AMI model (a)(n=15) and paired compari-
sons of the administered therapies (b) (n=5) were performed using a
Student t-test for parametric data or a Wilcoxon signed rank test with
the Yates continuity correction for non-parametric variables. Graphs show
the mean + SD of cell populations. **

significantly reduced in the thoracotomy group, suggesting a
post-operative immunosuppression after thoracotomy ap-
proach [40].

The immunomodulatory analysis of CDCs and EV-CDCs
therapies was completed with the quantification of CD14 +
CD16+ cells in peripheral blood. These cells correspond to
pro-angiogenic and immunomodulatory subsets of monocytes
(also defined as “M2 monocytes™) [41]. Taking into account
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Fig. 3 Lymphocyte subsets distribution in peripheral blood. Peripheral
blood lymphocytes were isolated from blood samples before acute
myocardial infarction model creation (Basal), 72 h after (Post-AMI) and
24 h after the treatment (Post-therapy). Lymphocyte subsets distribution
was analyzed by flow cytometry. Normality was assessed using a
Shapiro-Wilk test. Paired comparisons of the AMI model (a)(n=15)

that M2 polarization contributes to resolution of inflammation
promoting tissue repair [42-44], here we hypothesize that the
increase of M2 monocytes after EV-CDCs treatment might
counteract the exacerbated inflammatory response in the acute
phase of myocardial infarction. A similar hypothesis was pro-
posed by Sekerkova et al., where these cells “might play a
protective role in the early phase after kidney transplantation™

@ Springer

and paired comparisons of the administered therapies (b) (n=35) were
performed using a Student t-test for parametric data or a Wilcoxon signed
rank test with the Yates continuity correction for non-parametric vari-
ables. Graphs show the mean + SD of cell populations. *p <0.05.

0.01. <0.001 p<0.0001

[45]. It is important to note that the increase of M2 monocytes
was solely observed in EV-CDCs, but not in CDCs. Taking
into account that, the concentration of paracrine factors re-
leased by 30 x 10° allogeneic CDCs must be significantly
lower than the average of paracrine factors in EV-CDCs, we
consider that there may be a dose-response relationship be-
tween these factors and M2 differentiation.
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Fig. 4 Differentiation/activation T cell subsets status in peripheral blood.
Peripheral blood lymphocytes were isolated from blood samples before
acute myocardial infarction model creation (Basal), 72 h after (Post-AMI)
and 24 h after the treatment (Post-therapy). T cell subset status was ana-
lyzed by flow cytometry using CD27 and CD45RA markers. The co-
expression analysis of these two markers allowed us to identify naive T
cells (CD27+ CD45RA+) and effector/memory T cells (CD27-

A significant and innovative aspect of our study lies in the
use of a different administration route. In this sense, and in
agreement with de Couto et al. [12], our results have demon-
strated the immunomodulatory effects of EV-CDCs in a clin-
ically relevant animal model of myocardial infarction. While
previous in vivo experiments have been performed by open-
chest intramyocardial injection, here we demonstrate that
intrapericardial administration was a safe and efficient alter-
native for reducing the adverse or unbalanced inflammatory
reaction triggering the M2 polarization in circulating mono-
cytes and pericardial leukocytes.

Although it was not the purpose of the study, the long-term
effect of these treatments (in terms of cardiac functionality)

CD45RA-). Normality was assessed using a Shapiro-Wilk test. Paired
comparisons of the AMI model (a) (n=15) and paired comparisons of
the administered therapies (b) (n=5) were performed using a Student t-
test for parametric data or a Wilcoxon signed rank test with the Yates
continuity correction for non-parametric variables. Graphs show the
mean = SD of cell populations. *p <0.05.

could be determined at 10 weeks. Unfortunately these results
were not conclusive, more especially since these healthy and
young animal models are characterized by an early regenera-
tive potential which could mask the therapeutic effect of the
treatments [46]. In any case, our results did not show any
significant difference between groups (Ejection Fraction:
29.6+8.0 in Placebo, 29.8+17.2 in EV-CDCs, 32.0+6.7 in
CDCs; % Infarct: 12.4+3.5 in Placebo, 10.6+1.7 in EV-
CDCs, 9.2 £4.0 in CDCs).

Obviously, one of the limitations of the study is related to
the identification of molecular mechanisms involved in M2
polarization. The group of E. Marban has already demonstrat-
ed that Y RNA fragment [47] and miR-181b [12] are directly
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Fig. 5 Monocyte populations in peripheral blood. Blood samples were
collected in EDTA containing tubes before acute myocardial infarction
model creation (Basal), 72 h after (Post-AMI) and 24 h after the treatment
(Post-therapy). Monocyte count was performed in an automated hema-
tology analyzer and its phenotype characterization was evaluated by flow
cytometry, defining circulating M2 monocytes as CD14 + CD163+.

implicated in the immunomodulatory effect of EV-CDCs. In
this sense, our research group is currently focused in
“OMICS” studies, analyzing miRNA profiles by Next
Generation Sequencing and proteins by high throughput pro-
teomic analysis. Our preliminary results from these studies are
showing an abundant expression of immune-related proteins
and miRNAs (manuscript in preparation).
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Fig. 6 Cytokines gene expression in pericardial fluid cells. Pericardial
fluids were compiled before and 24 h after EV-CDCs administration.
Total RNA was isolated from pericardial fluid cells and gPCR products
were quantified by the 22" method using GAPDH as an endogenous
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Normality was assessed using a Shapiro-Wilk test. Paired comparisons
of the AMI model (a)(n = 15) and paired comparisons of the administered
therapies (b) (n=5) were performed using a Student t-test for parametric
data or a Wilcoxon signed rank test with the Yates continuity correction
for non-parametric variables. Graphs show the mean + SD of cell popu-
lations. **p <0.01

In conclusion, this is the first report where stem cell-
derived extracellular vesicles have been intrapericardially
administered in a clinically relevant animal model of
myocardial infarction. In our experimental conditions
and dose, EV-CDCs stimulate a M2 polarization during
the acute phase of porcine myocardial infarction.
Moreover, the immunomodulatory effects of EV-CDCs,
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control. The statistical analysis was performed using a Thermo Fisher
Cloud Analysis version 1.0. Graphs show the mean+SD (n=3). *p<
0.05
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after intrapericardial administration, were comparable to
previous studies using the open-chest intramyocardial in-
jections. Finally, the intrapericardial administration route
offers the possibility of a minimally invasive surgical ap-
proach and could be more advantageous from a clinical
perspective.
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Endometrial-derived Mesenchymal Stem Cells (endMSCs) are involved in the
regeneration and remodeling of human endometrium, being considered one of the
most promising candidates for stem cell-based therapies. Their therapeutic effects have
been found to be mediated by extracellular vesicles (EV-endMSCs) with pro-angiogenic,
anti-apoptotic, and immunomodulatory effects. Based on that, the main goal of this
study was to characterize the proteome and microRNAome of these EV-endMSCs
by proteomics and transcriptomics approaches. Additionally, we hypothesized that
inflammatory priming of endMSCs may contribute to modify the therapeutic potential
of these vesicles. High-throughput proteomics revealed that 617 proteins were
functionally annotated as Extracellular exosome (GO:0070062), corresponding to the
70% of the EV-endMSC proteome. Bioinformatics analyses allowed us to identify
that these proteins were involved in adaptive/innate immune response, complement
activation, antigen processing/presentation, negative regulation of apoptosis, and
different signaling pathways, among others. Of note, multiplexed quantitative proteomics
and Systems Biology analyses showed that IFNy priming significantly modulated the
protein profile of these vesicles. As expected, proteins involved in antigen processing
and presentation were significantly increased. Interestingly, immunomodulatory proteins,
such as CSF1, ERAP1, or PYCARD were modified. Regarding miRNAs expression profile
in EV-endMSCs, Next-Generation Sequencing (NGS) showed that the preferred site of
microRNAome targeting was the nucleus (n = 371 microTargets), significantly affecting
signal transduction (GO:0007165), cell proliferation (GO:0008283), and apoptotic
processes (GO:0006915), among others. Interestingly, NGS analyses highlighted that
several miRNAs, such as hsa-miR-150-5p or hsa-miR-196b-5p, were differentially
expressed in IFNy-primed EV-endMSCs. These miRNAs have a functional involvement
in glucocorticoid receptor signaling, IL-6/8/12 signaling, and in the role of macrophages.
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Molecular Profiling of EV-endMSCs

In summary, these results allowed us to understand the complexity of the molecular
networks in EV-endMSCs and their potential effects on target cells. To our knowledge,
this is the first comprehensive study based on proteomic and genomic approaches to
unravel the therapeutic potential of these extracellular vesicles, that may be used as
immunomodulatory effectors in the treatment of inflammatory conditions.

Keywords: mesenchymal stem cells,

, next generation sequencing-NGS,

ial, prot ic analy

interferon-y, extracellular vesicles (EV), miRNA-microRNA, priming

INTRODUCTION

Mesenchymal Stem Cells (MSCs) obtained from endometrial
tissue have become one of the most promising candidates
in the field of stem cell therapies. They are involved
in the dynamic remodeling and regeneration of human
endometrium, being necessary for normal tissue self-renewal.
In bibliography, different populations of endometrial stem
cells have been described (Chan et al, 2004) and different
names have been used for these cells, such as menstrual blood-
derived stromal/mesenchymal cells, or endometrial-derived
stromal/mesenchymal stem cells (endMSCs) (Kyurkchiev et al.,
2010; Gargett et al, 2016). Additionally, different laboratory
procedures have been established for in vitro isolation and
expansion (Schiiring et al., 2011; Wang et al., 2012; Rossignoli
et al., 2013). Nowadays, menstrual blood-derived endMSCs
can be easily isolated by a non-invasive method, without any
painful procedure and their in vitro expansion can be achieved
by simple, and reproducible methods (Sun et al., 2019).

The therapeutic potential of endMSCs have been described
and reviewed for different diseases, such as myocardial infarction
(Liu et al,, 2019), and Parkinson disease (Bagheri-Mohammadi
et al,, 2019). Recent preclinical studies have also evaluated their
therapeutic effects in murine models of pulmonary fibrosis (Zhao
etal., 2018), and experimental colitis (Lv et al., 2014). In addition,
a recent clinical trial using autologous menstrual blood-derived
stromal cells have shown satisfactory results for the treatment of
severe Asherman’s syndrome (Tan et al., 2016).

The biological mechanisms underlying endMSCs function
have been associated to their immunomodulatory capacity
(Nikoo et al,, 2012), which is mediated—at least in part—by
indoleamine 2,3-dioxygenase-1, cyclooxygenase-2, IL-10, and IL-
27 (Peron et al., 2012; Nikoo et al., 2014). Moreover, these cells
have demonstrated a potent pro-angiogenic and anti-apoptotic

Abbreviations: DMEM, Dulbecco’s Modified Eagle’s medium; endMSCs,
Endometrial-derived ~ stromal/Mesenchymal ~ Stem  Cells;  EV-endMSCs,
Extracellular Vesicles from Endometrial-derived stromal/Mesenchymal Stem
Cells; EVs, Extracellular Vesicles; FDR, False Discovery Rate; GO, Gene Ontology;
IFNyY/EV-endMSCs, Extracellular Vesicles from IFNy-primed Endometrial-
derived stromal/Mesenchymal Stem Cells; IFNy, Interferon gamma; IPA,
Ingenuity Pathway Analysis; iTRAQ, Isobaric Tags for Relative and Absolute
Quantitation; LC-MS/MS, Liquid chromatographytandem mass spectrometry;
MS, Mass spectrometry; MSCs, Mesenchymal Stem Cells; NGS, Next Generation
Sequencing; PBS, Phosphate buffered saline; PCA, Principal Component Analysis;
SBT, Systems Biology Triangle; TMM, Trimmed mean of M-values; TPM,
Tags Per Million; UMI, Unique Molecular Index; WSPP, Weighted Spectrum,
Peptide, Protein.

effect mediated by HGE, IGF-1, and VEGF (Du et al., 2016).
Similarly to other MSCs, such as adipose-derived MSCs, or
bone marrow-derived MSCs, the therapeutic effect of endMSCs
is mediated by the paracrine action of extracellular vesicles
(EVs). EVs (including microvesicles, exosomes, and apoptotic
bodies) act as carriers of bioactive molecules, such as proteins,
microRNAs (miRNAs), and lipids (Doyle and Wang, 2019).
In this sense, our group has recently revealed the presence
of TGF-B in EVs derived from endMSCs (EV-endMSCs). The
functional studies performed by TGF-p blockade demonstrated
that this molecule is partially involved in the immunomodulatory
effect of these vesicles (Alvarez et al.,, 2018). Apart from their
immunomodulatory effects, EV-endMSCs have been used as co-
adjuvants to improve the in vitro fertilization outcomes in murine
models (Blizquez et al., 2018), and the proteomic analysis of
these EVs revealed an abundant expression of proteins involved
in embryo development (Marinaro et al., 2019).

These preliminary results opened several questions about
the hypothetical biological mechanisms that may mediate the
therapeutic effect of EV-endMSCs. In this regard, a profound
characterization of proteins and miRNAs, as regulatory elements,
may help us to identify protein or gene targets for the treatment
of specific diseases, increasing the translational impact of
this research.

On the other hand, an important issue in the field of
EVs derived from MSCs relies in the enhancement of their
therapeutic effect. Basically, the main goal is to get vesicles
with more biologically relevant effector molecules. During the
last years, the protocols for MSCs priming (also called “MSCs
licensing”), to generate more immunosuppressive MSCs, are
gaining interest. This idea has been studied by using Interferon
gamma (IFNy)-priming (DelaRosa et al., 2009; Chinnadurai
et al, 2014; Liang et al, 2018), Toll-like receptors priming
(Sangiorgi and Panepucci, 2016; Najar et al.,, 2017), and other
inflammatory stimuli (Kim and Cho, 2016). This concept has
been recently reviewed by Yin et al. (2019) and the idea of MSCs
priming has been extrapolated to the production of licensed EVs.
Several examples can be found in bibliography: exosomes from
Interleukin 1B-primed MSCs expressed miR-146a to induce M2
polarization (Song et al., 2017); EVs from TNFa/IFNy-primed
MSCs were found to enhance the immunomodulatory activity
of MSCs by altering the COX2/PGE2 pathway (Harting et al.,
2018); furthermore, it was proved that exosomes from MSCs
under low oxygen conditions produced exosomes with a higher
pro-mitotic effect (Yuan et al., 2019), and immunomodulatory
potential (Showalter et al., 2019).

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

December 2019 | Volume 7 | Article 431

188



APPENDIX 1: PUBLICATIONS FORMING PART OF THIS THESIS

Marinaro et al

In this work, we hypothesized that IFNy-primed endMSCs
may produce EVs (IFNy/EV-endMSCs) with therapeutic
effects that may be applicable in different clinical settings.
In order to explore this idea, a large-scale analysis of
proteins and miRNAs was performed using high throughput
proteomic screening and Next Generation Sequencing (NGS),
respectively. Our results revealed the existence of a wide
range of proteins and miRNAs involved in the immune
process, apoptosis, or cell signaling, among others. Nowadays,
bioinformatics resources, such as DAVID (https://david.
ncifcrf.gov/), miRTargetLink (https://ccb-web.cs.uni-saarland.
de/mirtargetlink/), and Ingenuity Pathway Analysis (IPA)
(https://www.qiagenbioinformatics.com/products/ingenuity-
pathway-analysis/) are available and effective tools to handle
and filter the massive amount of data at the basis of in silico
functional analyses. In our study, these tools allowed us to
classify proteins and miRNAs according to their biological
roles. In the case of high throughput proteomic analysis,
some of the most significant differences were observed on
immune-related proteins, being the increase of CSF-1 in
IFNY/EV-endMSCs especially relevant. Additionally, NGS for
miRNA expression identified relevant miRNAs whose target
genes are implicated in the functionality of macrophages, and
IL6/IL8/IL12 signaling. These results suggest that IFNy/EV-
endMSCs may serve as important carriers for miRNAs and
proteins with immunomodulatory effects.

MATERIALS AND METHODS

Human endMSCs Isolation, Culture, and

Characterization

This study was performed in agreement with the ethical
guidelines of the Minimally Invasive Surgery Centre Research
Ethics Committee, which approved the study (approval number:
017/16). All menstrual blood donors provided written informed
consent to participate in the study. The endMSCs were obtained
from menstrual blood collected by four healthy pre-menopausal
women (30-34 years of age). Cells were isolated according to
previously described protocols (Alvarez et al., 2018; Marinaro
et al,, 2019). Briefly, the menstrual blood was diluted 1:2 in
phosphate buffered saline (PBS) and centrifuged at 450 x g
for 10 min. The pellets of cells were resuspended in Dulbecco’s
Modified Eagle’s medium (DMEM) (containing 10% fetal bovine
serum (Gibco, Thermo Fisher Scientific, Bremen, Germany),
1% penicillin/streptomycin, and 1% glutamine) and cultured at
37°C and 5% CO,. Cell culture medium was removed after
24h to eliminate non-adherent cells. The adherent endMSCs
were cultured to 80% confluency, then detached using PBS
containing 0.25% trypsin (Lonza, Gaithersburg, MD, USA) and
seeded again into 175 cm? culture flasks at a density of 5,000
cells/cm?, changing the cell culture medium every 4 days.
endMSCs characterization was carried out by flow cytometry
and differentiation assay, as previously mentioned (Alvarez et al.,
2018; Marinaro et al., 2019). Briefly, the phenotypic analysis by
flow cytometry was performed on 2 x 10° cells (passages 3-4),
stained with human monoclonal antibodies against CD14, CD20,
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CD34, CD44, CD45, CD73, CD80, CD90, CD117, and HLA-
DR, using the isotype-matched antibodies as negative controls.
A FACScalibur cytometer (BD Biosciences, San Jose, CA, USA)
and the CellQuest software (BD Biosciences) were used to analyze
the cells. The differentiation of endMSCs toward the adipogenic,
chondrogenic, and osteogenic lineages was carried out on cells
at passages 3-4. After 21 days of culture in differentiation
specific media (Gibco, Thermo Fisher Scientific), adipogenic,
chondrogenic, and osteogenic differentiation were evidenced by
Oil Red O, Alcian Blue, and Alizarin Red S stainings, respectively.

Human endMSCs Treatment With IFNy and
EV-endMSCs Purification and

Characterization

in vitro expanded endMSCs at passages 5-6 were treated with
3 ng/ml human IFNy Recombinant Protein (Invitrogen, Thermo
Fisher Scientific) for 6 days. For EV-endMSCs isolation, the
standard culture medium (for control EV-endMSCs), or the
culture medium containing IFNy (for IFNy/EV-endMSCs) were
removed, and replaced by DMEM containing 1% insulin-
transferrin-selenium (ThermoFisher Scientific), after rinsing
with PBS. After 4 days, the supernatants were collected and EV's
isolated according to a previous optimized protocol (Alvarez
et al,, 2018; Marinaro et al,, 2019). Briefly, supernatants were
centrifuged at 1,000 x g for 10 min and 5,000 x g for 20 min
at 4°C to eliminate dead cells and debris. The supernatants were
then filtered using firstly 450 nm pore size sterile cellulose acetate
filters, followed by 200 nm pore size filters (Corning, NY, USA).
3 kDa MWCO Amicon® Ultra devices (Merck-Millipore, MA,
USA) were used to concentrate up to 15 ml filtered supernatants,
by centrifugation at 4,000 x g for 60 min at 4°C. The obtained
concentrated supernatants were collected, characterized, and
stored at —20°C for the subsequent analyses. EV-endMSCs
characterization was carried out as previously described our
group (Alvarez et al., 2018). Briefly, the protein content of
EV-endMSCs was quantified by a Bradford assay (BioRad
Laboratories, CA, USA); the size of EV-endMSCs was determined
by nanoparticle tracking analysis (Malvern Panalytical Ltd.,
Malvern, UK), and the particle-tracking analysis software
package version 2.2 (Malvern Panalytical Ltd.); EV-endMSCs
surface marker analysis was performed by flow cytometry in a
FACScalibur cytometer (BD Biosciences) and with the CellQuest
software (BD Biosciences), after incubation with aldehyde/sulfate
latex beads (Molecular probes, Life Technologies, Thermo Fisher
Scientific), and human monoclonal antibodies against CD9 and
CD63 (BD Biosciences, San Jose, CA, USA).

Protein Analysis by High-Resolution Liquid
Chromatography Coupled to Mass
Spectrometry-Based Proteomics

The characterization of EV-endMSCs proteome from three
different donors was performed by high-throughput multiplexed
quantitative proteomics approach according to previously
described protocols (Jorge et al., 2009; Navarro and Véazquez,
2009; Bonzon-Kulichenko et al., 2011; Navarro et al., 2014;
Garcia-Marqués et al., 2016). Protein extracts were incubated
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with trypsin using the Filter Aided Sample Preparation (FASP)
digestion kit (Expedeon, San Diego, CA), as previously described
(Wisniewski et al., 2011). The resulting peptides were labeled
using 8plex-iTRAQ (isobaric Tags for Relative and Absolute
Quantitation) reagents, according to manufacturer’s instructions,
and desalted on OASIS HLB extraction cartridges (Waters
Corporation, Milford, MA, USA). Half of the tagged peptides
were directly analyzed by liquid chromatography tandem mass
spectrometry (LC-MS/MS) in different acquisition runs, and the
remaining peptides were separated into three fractions using
the high pH reversed-phase peptide fractionation kit (Thermo
Fisher Scientific). Samples were analyzed using an Easy nLC
1000 nano-HPLC coupled to a QExactive mass spectrometer
(Thermo Fisher Scientific). Peptides were injected onto a CI18
reversed phase nano-column (75pm LD. and 50 cm, Acclaim
PepMapl00 from Thermo Fisher Scientific) in buffer A [0.1%
formic acid (v/v)] and eluted with a 180 min lineal gradient
of buffer B [90% acetonitrile, 0.1% formic acid (v/v)], at 200
nl/min. Mass spectrometry (MS) runs consisted of 140,000
enhanced FT-resolution spectra in the 390-1,500 m/z wide
range and separated 390-700 m/z (range 1), 650-900 m/z
(range 2), and 850-1,500 m/z (range 3) followed by data-
dependent MS/MS spectra of the 15 most intense parent ions
acquired along the chromatographic run. HCD fragmentation
was performed at 30% of normalized collision energy. A total
of 14 MS data sets, eight from unfractionated material and six
from the corresponding fractions, were registered with 42 h total
acquisition time. For peptide identification the MS/MS spectra
were searched with the SEQUEST HT algorithm implemented in
Thermo Fisher Proteome Discoverer version 2.1 using a Uniprot
database containing human protein sequences (Dec-2017). For
database searching, parameters were selected as follows: trypsin
digestion with two maximum missed cleavage sites, precursor
mass tolerance of 800 ppm, fragment mass tolerance of 0.02
Da. Variable methionine oxidation (+415.994915 Da) and fixed
cysteine carbamidomethylation (457.021 Da), and iTRAQ 8-
plex labeling at lysine and N-terminal modification (4-304.2054)
were chosen.

Peptide Identification, Protein

Quantification, and Statistical Analysis
Peptide identification from MS/MS data was performed using
the probability ratio method (Martinez-Bartolomé et al., 2008)
and the false discovery rate (FDR) of peptide identification was
calculated based on the search results against a decoy database
using the refined method (Navarro and Vizquez, 2009). Peptide
and scan counting were performed assuming as positive events
those with a FDR equal or lower than 1%.

Quantitative information of iTRAQ-8plex reporter ions was
extracted from MS/MS spectra using an in-house developed
program (SanXoT), as described (Trevisan-Herraz et al., 2019),
and protein abundance changes were analyzed using the
weighted spectrum, peptide and protein (WSPP) statistical model
(Navarro et al., 2014). This model provides a standardized
variable, Zq, defined as the mean-corrected log,_ratio expressed
in units of standard deviation at the protein level. For the protein
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functional analysis, proteins were annotated based on Gene
Ontology database (The Gene Ontology Consortium, 2017) and
Systems Biology Triangle (SBT) model (Garcia-Marqués et al.,
2016). This algorithm estimates weighted functional category
averages (Zc) from the protein values by performing the protein
to category integration. Student ¢-test was used to compare Zq
and Zc values from EV-endMSCs and IFNy/EV-endMSCs, and
the statistical significance was set at p-value < 0.05. Enrichment
analysis of proteins was performed by DAVID bioinformatics
tool (Huang et al., 2009a,b) and Benjamini-Hochberg FDR was
used for multiple test correction (FDR < 0.05).

Principal Component Analysis (PCA) was performed on Zq
values of 895 selected proteins (number of peptides, Np, >2
at 1% FDR) quantified after iTRAQ proteomics analysis, using
Metaboanalyst software version 4.0 (https://www.metaboanalyst.
ca/) (Chong et al., 2018).

Human M-CSF ELISA

Considering the biological relevance of M-CSF the changes
observed for this protein were analyzed by ELISA. The
quantification of M-CSF (also called CSF-1) was performed
using the Human M-CSF Pre-Coated ELISA Kit (Peprotech,
UK) according to the manufacturer’s instructions. Briefly,
the EV-endMSCs and IFNy/EV-endMSCs from four different
donors were diluted 1:10 in dilution buffer and quantified.
Median, mean, 25th percentile, and 75th percentile were
calculated and paired t-test was used to compare the
two groups.

miRNA Analysis by Next Generation
Sequencing
All experiments, except IPA, PCA, miRTargetLink, and DAVID
analyses, were performed at QTAGEN Genomic Services (Hilden,
Germany). Total RNA was isolated from aliquots of 3-4 ml of
concentrated EV-endMSCs, with an exoRNeasy Serum/Plasma
Kit (QIAGEN) according to manufacturer’s instructions. For
NGS, the miRNA NGS library was generated by fragmentation
and reverse transcription to cDNA, starting with 5 pl total
RNA for each sample, and with the use of the QIAseq miRNA
Library Kit (QIAGEN). Each individual RNA molecule was
tagged with adapters containing a Unique Molecular Index
(UMI), aimed to detect, quantify, and sequence unique RNA
transcripts with high-resolution. The obtained cDNAs were
amplified in 22 cycles of PCR and purified. Bioanalyzer 2100
or TapeStation 4200 (both from Agilent Technologies, Santa
Clara, CA, USA) were used for library preparation QC. The
libraries were pooled in equimolar ratios, according to quality
and concentration of the inserts, and were submitted to qPCR
for quantification. Next, the library pools were sequenced
on a NextSeq500 sequencing instrument in accordance with
manufacturer’s indications. The bcl2fastq software (Illumina,
San Diego, CA, USA) was used to obtain FASTQ files from
raw data, and the FastQC tool (http://www.bioinformatics.
babraham.ac.uk/projects/fastqc/) was adopted the check
FASTQ data.

As previously mentioned, adapters and 12 nt-long UMI
sequences were ligated to RNA molecules during processing.
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Therefore, trimming and UMI correction were required before
moving to the mapping of detected sequences. Cutadapt (1.11)
(https://cutadapt.readthedocs.io/en/stable/) was used to rid the
raw reads of adapter sequences and UMIs. Briefly, the raw FASTQ
data were screened to detect adapters and UMI, filtering only
the reads containing adapters and insert sequence length equal
or larger than minimal insert length (default 16 nt). Raw data
with UMI sequences shorter than 10 nt were discarded, while
reads containing UMI (equal or longer than 10 nt) were classified
in partial-UMI reads (equal or longer than 10 nt), and full-UMI
reads (equal or longer than 12 nt). The last reads were combined
and were submitted to the quality control (FastQC) and to the
mapping process, that was carried out with the software Bowtie2
(2.2.2) in order to evaluate the quality of the samples. Reads
were aligned to spike-ins, abundant sequence and miRBase_20
(http://www.mirbase.org/) (Kozomara et al., 2019) taking into
consideration, as mapping criterion, the perfect match of the
reads to the reference sequences. To map to the genome, not
more than one mismatch was allowed in the first 32 bases of the
read. No INDELs (small insertions and deletions) were allowed
in mapping. Bowtie2 (2.2.2) was used to map the reads. UMI-
corrected reads whose length was around 18-23 nucleotides and
that were associated to relevant entries in mirbase_20, were
selected for further analyses.

Mapped miRNAs with Tags Per Million (TPM) > 10,
belonging to EV-endMSCs samples, were processed by
IPA (QIAGEN Inc.) (Ngwa et al, 2011) to determine
the human targeted genes with Experimentally observed
annotations.  Enrichment  analysis  of  EV-endMSCs
microTargets was performed using DAVID bioinformatics
tool. Only terms with p-value < 0.05 were considered
statistically ~ significant.  For multiple test correction,
Benjamini-Hochberg approach was used to control the
FDR (FDR < 0.05).

PCA was performed on log-fold and absolute gene-
wise changes in expression levels between samples (TMM
normalization) (Robinson and Oshlack, 2010) of the 225
miRNAs, considering that each miRNA was detected in at least
three of the four replicates from one group (EV-endMSCs and
IFNy/EV-endMSCs), and using Metaboanalyst software (version
4.0) (https://www.metaboanalyst.ca/) (Chong et al., 2018).

Differential expression analysis was performed using the
EdgeR statistical software package (http://bioconductor.org/).
For normalization, the trimmed mean of M-values method
based on log-fold and absolute gene-wise changes in expression
levels between samples (TMM normalization) was used. Using
Benjamini-Hochberg FDR corrected p-values, miRNAs were
considered differentially expressed at a significance level of 0.05
(FDR). IPA was performed to determine the microTargets of
the significantly altered miRNAs between EV-endMSCs and
IFNY/EV-endMSCs samples.

In order to identify multiple query nodes among
miRNAs in EV-endMSCs, the top-abundant miRNAs (=200
TPMs), were submitted to a miRTargetLink analysis. Only
results with a strong experimental evidence were taken
into consideration.
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Macrophage Polarization Assay

Human monocytes from one healthy donor were isolated from
peripheral blood collected in EDTA containing tubes. Blood
was diluted in PBS, layered over Histopaque-1077 (Sigma,
St. Louis, MO) and centrifuged at 900 x g for 20 min at
room temperature. The peripheral blood mononuclear cells
were carefully aspirated and washed twice with PBS. The
peripheral blood mononuclear cells were resuspended in RPMI-
1640 supplemented with 10% FBS. The cells were seeded
in tissue culture plates and incubated for 3h at 37°C and
5% CO;. Non-adherent cells were removed by four washes
with PBS. Adherent monocytes were stimulated with 50 ng/ml
of Macrophages Colony-Stimulating Factor (M-CSF) (Gibco,
Thermo Fisher Scientific) to promote the cell differentiation
from monocytes to M2 macrophages. Simultaneously, adherent
monocytes were stimulated with 50ng/ml of Granulocyte-
Macrophages Colony-Stimulating Factor (GM-CSF) (Gibco,
Thermo Fisher Scientific) to promote cell differentiation from
monocytes to M1 macrophages (Gao et al., 2018). Finally, EV-
endMSCs and IFNY/EV-endMSCs from four different donors
were added to the adherent monocytes. At day 6, adherent cells
were trypsinized with a 0.25% trypsin solution, washed, and
counted for flow cytometry analysis.

For flow cytometry, adherent cells co-cultured with M-CSE,
GM-CSFE, EV-endMSCs, and IFNy/EV-endMSCs were incubated
for 30min at 4°C with the following human monoclonal
antibodies from BD Biosciences. PE-conjugated anti-CD14 was
used as macrophage marker and APC-conjugated anti-CD206
was used as a M2-differentiation marker. Cells were analyzed
on a FACScalibur cytometer (BD Biosciences) using FSC/SSC
characteristics. Fluorescence was analyzed with CellQuest Pro
software (BD Biosciences), using isotype-matched antibodies as
negative controls. The percentage of CD206-positive cells on
gated CD14 macrophages was represented. Median, mean, 25th
percentile, and 75th percentile were calculated and paired t-
test was used to compare EV-endMSCs and IFNy/EV-endMSCs
with GM-CSF.

For transcriptional analysis studies, total RNA from
adherent cells co-cultured with EV-endMSCs (n = 3) and
IFNY/EV-endMSCs (n = 3) was isolated at day 6 using
mirVana miRNA isolation kit (ThermoFisher Scientific),
following the manufacturer’s protocol for total RNA extraction.
Quality and concentration of total RNAs were evaluated by
spectrophotometry. The ¢cDNA was synthesized from 55 ng
of RNA in reverse transcription reactions performed with the
iScript Reverse Transcription Supermix (BioRad, Hercules,
CA, USA), according to manufacturer’s instructions. 5.5
ng of cDNA for each sample were then amplified in qPCR
reactions using TagMan™ Fast Advanced Master Mix (Catalog
number 4444964, ThermoFisher Scientific) and TaqMan®
Gene Expression Assays probes (ThermoFisher Scientific) for the
genes TBP (Assay ID: Hs00427620_m1), IL1B (Hs01555410_m1),
TNF (Hs00174128_m1), NOS2 (Hs01075529_m1), and TGFB
(Hs00998133_m1). Samples were evaluated in triplicate and 2
pl of water replaced the cDNA templates in the three negative
controls for each probe. All the reaction mixtures were prepared
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following manufacturer’s protocol, and the suggested thermal
profile was used to carry out templates amplification in a
QuantStudio 3 Real-Time PCR System (Applied Biosystems,
Thermo Fisher Scientific Inc.). The qRT-PCR products were
quantified by fluorescent method using the 272t expression.
All samples were analyzed separately and normalized using
TATA-Box Binding Protein (TBP) as endogenous control (Saleh
etal, 2011).

RESULTS

Characterization of endMSCs and

EV-endMSCs

The phenotypic analysis of endMSCs was performed by flow
cytometry. The endMSCs (n = 4) were negative for CD14, CD20,
CD34, CD45, CD80, and HLA-DR, while CD44, CD73, CD90,
and CDI117 markers were positively expressed. Microscopic
analysis of Oil Red O, Alcian Blue, and Alizarin Red S stainings
on endMSCs cultured in differentiation specific media proved
their multipotency toward the adipogenic, chondrogenic, and
osteogenic lineages. The nanoparticle tracking analysis of EV-
endMSCs showed that their mean size was 153.5 £ 63.05 nm.
Furthermore, CD9 and CD63 exosomal markers were positively
expressed, in accordance with the Minimal information for
studies of extracellular vesicles 2018 (MISEV2018) guidelines
(Théry et al., 2018) (Supplementary Figure 1). An accurate
explanation and the characterization of cells and vesicles can be
found in our previous studies (Alvarez et al., 2018; Bldzquez et al.,
2018; Marinaro et al., 2019).

Characterization of EV-endMSCs

Molecular Cargo

In order to elucidate the modulation of protein composition
suffered by EV-endMSCs under IFNy priming, we have
resorted to a high-throughput quantitative proteomic approach
performed using multiplex peptide stable isotope labeling
(Figure 1). The datasets generated and analyzed for this study are
available via ProteomeXchange (http://www.proteomexchange.
org/) with identifier PXD015465 (https://www.ebi.ac.uk/pride/
archive/projects/PXD015465). This strategy of data discovery
gave us a reliable identification of 895 proteins (number of
peptides, Np, >2 at 1% FDR) corresponding to 866 human
genes (Supplementary Table 1). Of note, 71 proteins were
included in the 100 top-identified proteins of ExoCarta
database (http://www.exocarta.org/) (Keerthikumar et al., 2016),
and 617 proteins were annotated as Extracellular exosome
proteins (GO:0070062) in the Gene Ontology (GO) database
(p-value < 0.001, 1% FDR) (Figure 1, Supplementary Table 2).
These exosomal proteins corresponded to about 80% of the
EV-endMSCs proteome composition in terms of absolute
quantification ~ (Supplementary Table 1).  Regarding  the
subcellular origin of EV-endMSCs identified proteins,
Extracellular matrix (G0O:0031012), Cytosol (GO:0005829),
and Membrane (GO:0016020) were the most representative
categories (Figure 2A, Supplementary Table 2). Mitochondrion
(G0:0005739), and Cytoskeleton (GO:0005856) terms were also
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significantly enriched (p-value < 0.001, 1% FDR). In contrast, no
significant results were found for nuclear, or ribosomal proteins.
Interestingly, Immunological synapse (GO:0001772) related
proteins were also significantly represented in the EV-endMSCs
proteome (enrichment p-value < 0.001, 1% FDR) (Figure 2B,
Supplementary Table 2).

Since RNA species are also essential components of EV
cargo (Abels and Breakefield, 2016), we performed NGS analysis
to identify and quantify the presence of miRNAs in EV-
endMSCs and IFNy/EV-endMSCs (Figure1). The datasets
generated and analyzed for this study can be found in
the European Nucleotide Archive (https://www.ebi.ac.uk/ena)
with accession number PRJEB34442. On average 6.6 million
UMI-corrected reads were obtained for each sample and the
average percentage of mappable reads was 79.5%. Nearly
54% (on average) corresponded mostly to small RNA species
(Supplementary Figure 2).

After mapping the data using miRBase 20 database, a
total of 225 miRNAs were identified in at least three of the
four replicates from each group (EV-endMSCs and IFNy/EV-
endMSCs). In order to predict the potential effects that
these miRNAs may have on a target cell, we performed an
Ingenuity Pathway Analysis (IPA). This analysis allowed us
to elucidate a detailed regulatory network to identify those
genes targeted by identified miRNAs (Ngwa et al, 2011).
The microTargets with Experimentally observed annotations for
these microRNAs were analyzed (Supplementary Table 3). A
total of 48 miRNAs identified in EV-endMSCs (>10 TPM)
targeted 937 genes (Supplementary Table 3A). Of note, key
intracellular signaling nodes, such as PTEN or MYC were
highly targeted (8 and 4 miRNAs targeted these genes,
respectively) (Supplementary Table 3B). In contrast to protein
cargo, enrichment analysis showed that the preferred site for
miRNAs targeting is the nucleus (# = 371 microTargets)
(Figure 2C). Other over-represented subcellular targets were
cytosol (n = 296 microTargets), plasma membrane (n = 250),
and mitochondrion (n = 101), among others (Figures 2C,D and
Supplementary Table 4). The miRTargetLink analysis (Wong
and Wang, 2015; Liu and Wang, 2019) was performed to identify
multiple query nodes among those miRNAs with more than
or equal to 200 TPMs, on average: hsa-let-7a-5p, hsa-miR-
143-3p, hsa-miR-21-5p, hsa-let-7b-5p, hsa-let-7f-5p, hsa-miR-
16-5p, and hsa-miR-199a-3p (see Supplementary Table 3A).
Our results revealed that PTGS2, BCL2, KRAS, HRAS, EGFR,
HMGA2, HMGA1, CDK6, TNFRSF10B, CCNDI, and PRDM1
genes were targeted by at least three of these miRNAs with a
strong experimental evidence and that IGFIR was the target of
four out of seven top-abundant miRNAs in EV-endMSCs (hsa-
miR-143-3p, hsa-miR-16-5p, hsa-miR-21-5p, and hsa-let-7b-5p)
(Supplementary Figure 3).

Interestingly, enrichment analyses also showed the potential
effect of molecular cargo on different biological processes
(Figure 3). EV-endMSCs proteins were shown to be involved
in several processes as the extracellular matrix organization
(GO:0030198), the unfolded protein response (GO:0006986),
and the cell redox homeostasis (GO:0045454) (p-value < 0.001,
1% FDR, Figure3A, Supplementary Table 2). Besides, the
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FIGURE 1 | Overview of the proteomic and transcriptomic approaches. For both studies, EV samples were obtained from endMSCs under two different conditions
(IFNy-treated and control cells). According to proteomic procedures (fully described in Materials and Methods section), iTRAQ technology allowed us to

simultaneously obtain peptide identification and quantification from the MS2 spectra. We identified 895 confident proteins (at least two different peptide backbone
(Continued)
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FIGURE 1 | fragmentation spectrum matched with reference sequences from database under 1% FDR). At the same time, quantification of peptide/protein levels
were retrieved from the reporter ions (low m/z range in the MS2 spectra) being analyzed under the WSPP model (Navarro et al., 2014). In order to describe
proteome-wide alterations, category analyses were performed based on the SBT model (Garcia-Marqués et al., 20186). For the transcriptomics workflow, extracted
total RNAs from EV samples were submitted to Next Generation sequencing. The UMI-corrected reads were aligned to miRBase (http://www.mirbase.org/) to
discriminate the populations of RNAs in EVs cargo, and for the identification of the detected miRNAs in EV-endMSCs and IFNy/EV-endMSCs. Human targeted genes
were detected after an Ingenuity Pathway Analysis (IPA) on mapped microRNAs of control cells with TPM > 10. Of the 937 identified microTargets, 371 were
associated to the nucleus that may be the preferred site of EV-endMSCs targeting. miRTargetLink (https://ccb-web.cs.uni-saarland.de/mirtargetlink/) was used to
identify multiple query nodes among identified miRNAs (TPM > 200). Enrichment analyses of protein and microTarget lists were performed by DAVID software (https://
david.ncifcrf.gov/) using Benjamini-Hochberg FDR for multiple test correction (FDR < 0.05). Images have been created with BioRender (https://app.biorender.com/),
and BioVenn (http://www.biovenn.nl/). Two pictures in the trascriptomics workflow belong to the miRNA NGS Data Analysis Report from QIAGEN Genomic Services
(Hilden, Germany). endMSCs, Endometrial-derived MSCs; EV, Extracellular Vesicles; EV-endMSCs, Extracellular Vesicles from Endometrial-derived
stromal/Mesenchymal Stem Cells; FASP, Filter-Aided Sample Preparation; FDR, False Discovery Rate; HPLC-MS, High-Performance Liquid Chromatography coupled
to Mass Spectromety; IFNy/EV-endMSCs, Extracellular Vesicles from IFNy-primed Endometrial-derived stromal/Mesenchymal Stem Cells; IPA, Ingenuity Pathway
Analysis; iTRAQ, Isobaric Tags for Relative and Absolute Quantitation; LC-MS/MS, Liquid chromatography tandem mass spectrometry; PCR, Polymerase Chain
Reaction; SBT, Systems Biology Triangle; TPM, Tags Per Million; UMI, Unique Molecular Index; WSPP, Weighted Spectrum Peptide Protein.
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FIGURE 2 | Subcellular composition of EV-endMSCs molecular cargo. Schematic overview of subcellular origin of protein cargo (A), and microRNA cellular targets (C)
of EV-endMSCs. Subcellular organelles are highlighted according to over-represented protein annotations, and the number of microTargets, respectively. (B) Relative
contribution of major subcellular components in the EV-endMSC proteome, and (D) microTargets. Graph bars represent adjusted enrichment p-values (-Log) from
significantly represented GO annotations (only terms with an enrichment p-value adjusted by Benjamini-Hochberg FDR correction <0.01 were considered). See
further information about enrichment analyses from EV-endMSC proteins and microTargets in Supplementary Tables 2, 4, respectively. Images have been created
with BioRender (https://app.biorender.com/). EV-endMSCs, Extracellular Vesicles derived from endometrial MSCs; FDR, False Discovery Rate; GO, Gene Ontology.

miRNA component was shown to affect signaling transduction
(GO:0007165), cell proliferation (GO:0008283) and apoptotic
processes (GO:0006915), among others (p-value < 0.001, 1%
FDR, Figure 3B, Supplementary Table 4). Interestingly, MAPK
cascade (GO:0000165), and PI3K-Akt signaling (hsa04151)
pathways were also over-represented among microTargets
(p-value < 0.001, 1% FDR) (Figure 3B), which in turn showed
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a significant enrichment within protein cargo (Figure 3A,
Supplementary Table 2). Finally, results from tissue up-
regulated gene annotations showed that microTargets were
over-represented in brain (n = 427), placenta (n = 273
genes), epithelium (n = 232), liver (n = 147), and B-
cells (n = 32) among others (p-value < 0.01, 1% FDR,
Supplementary Table 4).

8 December 2019 | Volume 7 | Article 431

194



APPENDIX 1: PUBLICATIONS FORMING PART OF THIS THESIS

Marinaro et al. Molecular Profiling of EV-endMSCs

MAPK cascade (GO:0000165)
Glutathione metabolic process (G0O:0006749)
Complement activation, classical pathway (GO:0006958)
Muscle contraction (GO:0006936)
T cell receptor signaling pathway (G0:0050852)
PI3K-Akt signaling pathway (hsa04151)
Tumor necrosis factor-mediated signaling pathway (GO:0033209)
Response to unfolded protein (GO:0006986)
Osteoblast differentiation (GO:0001649)
NIK/NF-kappaB signaling (GO:0038061)
Gluconeogenesis (GO:0006094)
Glycolytic process (GO:0006096)
Cell redox homeostasis (GO:0045454)
Wt signaling pathway, planar cell polarity pathway (GO:0060071)
Proteolysis (GO:0006508)
Regulation of mRNA stability (GO:0043488)
Protein folding (GO:0006457)
Collagen catabolic process (GO:0030574)
Platelet degranulation (GO:0002576)
Extracellular matrix organization (GO:0030198)
0,

3
8

5,00 10,00 15,00 20,00 25,00
-Log (adj p value)

Insulin-like growth factor receptor signaling pathway (GO:0048009) D
micro largets
MAPK cascade (GO:0000165) g

Wound healing (GO:0042060)

Apoptotic process (GO:0006915(

Cell cycle arrest (GO:0007050)

Extracellular matrix organization (GO:0030198)

Cell proliferation (GO:0008283)
Phosphatidylinositol-mediated signaling (GO:0048015)
Response to hypoxia (GO:0001666)

Response to drug (GO:0042493)

Transforming growth factor beta receptor signaling pathway
(G0:0007179)

PI3K-Akt signaling pathway (hsa04151) |
Positive ion of iption from RNA Il promoter
(GO:0045944) L _ ____ __ .}

o
o
2
&>
8
%

-Log (adj p value)

FIGURE 3 | Biological processes affected by EV-endMSCs molecular cargo. Graph bars represent adjusted enrichment p-values (-Log) of significantly enriched
categories from proteins (A), and microTargets (B). Only terms with an enrichment p-value adjusted by Benjamini-Hochberg FDR correction <0.01 were considered.
See further information about enrichment analyses from EV-endMSC proteins and microTargets in Supplementary Tables 2, 4, respectively. EV-endMSCs,
Extracellular Vesicles derived from endometrial MSCs; FDR, False Discovery Rate.

Effect of IFNy Priming in the EV-endMSCs 2016; Jylhi et al, 2018), as the case for EVs samples. In
Proteome Signature this study, protein abundance changes in each sample were
With the aim of studying the modulation of protein composition ~ calculated in relation to the average values of each protein
in EV-endMSCs under IFNy treatment, a comparative analysis ~ corresponding to control samples [log,-ratio expressed in units
of the proteome from EV-endMSCs (n = 3) and IFNy/EV-  of standard deviation (Zq), Supplementary Table 5]. We have
endMSCs (n = 3) was carried out (Figure 1). The multiplexed ~ applied a robust and rigorous ad-hoc statistical analysis based
quantitative proteomics approach provided an extensive dynamic ~ on the WSPP model (Navarro et al,, 2014), which has been
range and great proteome coverage, allowing the simultaneous  repeatedly validated for the treatment of quantitative proteomics
identification and quantification of hundreds of proteins in  data in several models (Ruiz-Meana et al, 2014; Gomez-
the same experiment, which offers an invaluable advantage for ~ Serrano et al., 2016; Binek et al., 2017; Martinez-Lopez et al.,
the analysis of limited sample amounts (Edwards and Haas,  2019).
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FIGURE 4 | Quantitative proteomic analysis of IFNy/EV-endMSCs. A total of 895 proteins (number of peptides, Np, >2 at 1% FDR) quantified after iTRAQ proteomic
approach were first subjected to Principal Component Analysis (PCA). (A) Score plot for PC1 (35.6% variance explained) vs. PC2 (33.6% variance explained).

(B) Score plot for PC1 (35.6% variance explained) vs. PC3 (20% variance explained). Data display 95% confidence regions. Patient origin (n = 3) are indicated on the
plots as p1, p3, and p4. IFNy/EV-endMSCs (treated) and EV-endMSCs (untreated, control) samples are indicated in red and green, respectively. (C) Quantitative
proteomics results. Protein profile changes were analyzed by WSPP model (Navarro et al., 2014) to identified significantly altered proteins comparing
IFNy/EV-endMSCs and EV-endMSCs samples. Protein values (Zq) are reported as the standardized variable, which is defined as the mean corrected log;-ratio
expressed in units of standard deviation. Protein ratio of each sample was calculated against an internal standard (IS) based on the average of iTRAQ reporters from
EV-endMSCs control samples. Statistical differences between Zq values of samples groups were evaluated by paired t-test. Significant protein abundance change
was set at p-value <0.05. EV-endMSCs, Extracellular Vesicles derived from endometrial MSCs; IFNy/EV-endMSCs, Extracellular Vesicles derived from IFNy-primed

The unsupervised study of proteomic results through PCA
revealed substantial differences between EV-endMSCs and
IFNy/EV-endMSCs (Figures 4A,B, Supplementary Figure 4).
Additionally, PCA analyses revealed that distribution of main
protein components (PC1 vs. PC2) from the same individual
behaved similarly, underlying a distinctive individual EV-
endMSCs proteome background regardless of endMSCs
treatment (Figures 4A,B). Despite inter-individual differences,
IFNy-priming of endMSCs caused an important effect on
EVs proteome (Figure4B). In order to evaluate the most
representative candidates of this effect, differences in protein
levels between samples groups were evaluated through paired ¢-
test. A total of 84 proteins showed significant changes (p-value <
0.05) between EV-endMSCs and IFNy/EV-endMSCs (51 and 33
proteins were up- and down-regulated, respectively) (Figure 4C,
Supplementary Table 5). Notably, guanylate-binding proteins
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1, and 3 (GBP1, GBP3) were highly up-regulated under IFNy-
treatment as well as proteins related to complement system, such
as CIR (complement Cl1r subcomponent), C1S (complement Cls
subcomponent), or SERPING1 (Plasma protease C1 inhibitor)
(Figure 4C). Additionally, cytokines, such as CSF1 (also called
M-CSF), cell adhesion molecules, like CD166 antigen—an
important component of the immunological synapse (Kato et al.,
2006; Gilsanz et al., 2013), and CD9 antigen—involved in platelet
activation and aggregation (Worthington et al., 1990; Miao et al.,
2001)—were also altered in IFNy/EV-endMSCs. Enrichment
analyses showed that IFNy protein mediators were over-
represented among differentially abundant proteins (p-value <
0.001, 5% FDR) (Supplementary Table 6). These analyses also
pinpointed significant changes on proteins related to angiogenesis
(GO:0001525), collagen catabolism (GO:0030574), tumor necrosis
factor  signaling  (GO:0033209), innate immune response
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FIGURE 5 | Human M-CSF in extracellular vesicles derived from endometrial
mesenchymal stem cells. The quantification of hM-CSF was performed by
ELISA. EV-endMSCs from different donors were analyzed (n = 4). The lower
boundary of the boxes indicates the 25th percentile and the upper boundary,
the 75th percentile. Bars above and below the boxes indicate the 90th and
10th percentiles. The line within the boxes marks the median. A paired t-test
was used to compare EV-endMSCs and IFNy/EV-endMSCs.

(GO:0045087), and proteasome core complex (GO:0005839),
among others.

Based on proteomic analyses and considering the biological
relevance of human M-CSF on M1/M2 macrophage polarization,
M-CSF was quantified by ELISA. EV-endMSCs and IFNy/EV-
endMSCs from different donors were analyzed (n = 4) and
compared by a paired t-test. Human M-CSF levels appeared
to be modified in IFNy/EV-endMSCs, when compared to
controls (Figure 5).

To study the impact of IFNy-priming on protein functional
dynamics, we additionally analyzed the normal distribution of
protein quantifications predicted by the WSPP statistical model
(Navarro et al., 2014) under the null hypothesis using the Systems
Biology Triangle (SBT) algorithm (Garcia-Marqués et al., 2016),
which allows to detect alterations to protein function produced
by the coordinated action of proteins in biological systems. Thus,
a functional category was considered up- or down-regulated
when the changes of its protein components fail to follow a
normal distribution. In the comparison of protein profiles
between EV-endMSCs and IFNy/EV-endMSCs, a total of 117
functional categories were found significantly altered (p-value <
0.05), considering categories containing more than ten proteins
(Supplementary Table 7). As expected, one of the largest
category clusters, comprising 10 categories related to antigen
processing and presentation (ie., GO:0019882; GO:0002480;
GO:0042605;  GO:0002479;  GO:0002486;  GO:0002474;
G0:0002486; GO:0003823; hsa04612), was increased. The
majority of the corresponding protein components were
up-regulated (e.g, HLA class I histocompatibility antigens,
proteasome subunits, beta-2-microglobulin and heat shock
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proteins). In agreement with the enrichment analysis, innate
immune response (GO:0045087) was up-regulated, with a
significant increase of B2M, SERPING1, CSF1, PYCARD, and
HLA-B and C proteins, among others. In addition, adaptive
immune response (G0:0002250) encompassing differentially
abundant proteins, such as ERAP1, ALCAM, and CTSS were
also  up-regulated (Figure 6A, Supplementary Table 8A).
Notably, complement activation (GO:0006958) composed of
CIR, C1S, SERPINGI, or C2 immune mediators (Figure 6B,
Supplementary Table 8B) was significantly up-regulated.
Finally, functional proteome profiling revealed that several cell
signaling pathways were also altered (Supplementary Table 7).
This cluster contained several proteins with statistically
significant increased abundance when comparing EV-endMSCs
and IFNy/EV-endMSCs. Some remarkable examples are the
IFNy-mediated signaling pathway (GO:0060333) and NIK/NF-
kappaB signaling (GO:0038061), T cell receptor signaling pathway
(G0O:0050852) and MAPK cascade (GO:0000165), mostly related
to the proteasome complex (GO:0000502). This complex includes
significantly up-regulated subunits, such as PSMB10, PSMBY,
PSME], and PSME2 (Figure 6C, Supplementary Table 8C).

microRNAome Alterations in EV-endMSCs
Under IFNy Priming

A comparative analysis of the miRNA expression profile was
carried out in EV-endMSCs (n = 4) and IFNy/EV-endMSCs (n
= 4) (Figure 1). PCA analysis demonstrated that EV-endMSCs
microRNAome does not discriminate as much as proteome does
(Supplementary Figure 5).

The comparison of miRNA expression among EV-endMSCs
and IFNy/EV-endMSCs led to 18 significantly altered miRNAs
(p-value < 0.05), four of them with an FDR < 0.05 (hsa-
miR-196b-5p, hsa-miR-1246, hsa-miR-92a-3p, hsa-miR-150-5p)
(Table 1, Supplementary Table 9). Next, we aimed to obtain a
better understanding of the functional impact of these altered
miRNAs at the cell, for which we performed IPA analysis to
determine the potential microTargets.

According to IPA analysis, only two miRNAs (hsa-miR-
150-5p and hsa-miR-196b-5p) showed Experimentally observed
target annotation (Figure 7). The genes targeted by hsa-miR-
150-5p are involved in acute-phase response and signaling in
macrophages (Akt, CEBPB), IL signaling (CSFIR), adipogenesis
(EGR2), inhibition of angiogeneisis (VEGFA), endocytosis,
macropinocytosis  (PDGFB), and glucocorticoid receptor
signaling (CEBPB), among others. On the other hand, among
the genes targeted by hsa-miR-196b-5p, there were ANXAI
and KRTS5 (implicated in glucocorticoid receptor signaling), as
well as IKBKB and S100A9 (both associated to IL-mediated cell
signaling). The full list of microTargets from the differentially
expressed miRNAs and their functional pathways are described
in Supplementary Table 10.

Macrophage Polarization Assay

Human monocytes were in vitro cultured and differentiated
toward M1-macrophages and M2-macrophages using GM-CSF
and M-CSE, respectively. Similarly, human monocytes were co-
cultured with EV-endMSCs (n = 4) and IFNy/EV-endMSCs (n
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FIGURE 6 | Systems biology analysis of the IFNy effect on EV-endMSC proteome. Quantitative proteomics results were analyzed using the Systems Biology Triangle
(SBT) model (Garcia-Marqués et al., 2016) to detect coordinated protein changes in the functional pathways. Functional categories were considered significantly
changed at p-value <0.05. Results show the cumulative distribution of average difference of Zq values from proteins of interesting categories. A right-wards shift from
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immune response (GO:0002250). (B) Complement activation (GO:0006958). (C) IFNy-mediated signaling pathway (GO:0060333), and proteasome complex
(GO:0000502). The complete sets of protein changes from each category are listed in Supplementary Tables 8A-C, respectively. EV-endMSCs, Extracellular
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= 4). At day 6, the flow cytometry analysis of CD206 allowed
us to quantify the monocyte-to-macrophage differentiation and
polarization (Figure 8). Our results demonstrated that EV-
endMSCs and IFNy/EV-endMSCs triggered the macrophage
differentiation toward M2 phenotype (p < 0.05). As expected,
significant differences were found when we compared M1-
differentiated cells and EVs-differentiated cells. However, our
study did not reveal any significant difference between EV-
endMSCs and IFNy/EV-endMSCs.

Finally, for a more detailed characterization, in vitro
differentiated monocytes co-cultured with EV-endMSCs and
IFNy/EV-endMSCs were also analyzed by qPCR. In this
analysis, M1/M2 cytokines (IL1b, TNF, TGFb, and NOS2) did
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not reveal any conclusive result in terms of gene expression
(Supplementary Figure 6).

DISCUSSION

The extracellular vesicles (EVs) derived from MSCs are gaining
interest among researchers (Keshtkar et al., 2018), and a proof of
that is the increasing number of related publications (Roy et al.,
2018). MSCs can be isolated from very different sources, however,
endometrial tissue-resident MSCs are especially attractive from
a therapeutic point of view because of their remarkable
proliferating capacity, effective regenerative, and angiogenic
potential (Tempest et al., 2018).
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TABLE 1 | Significantly expressed miRNAs in IFNy/EV-endMSCs.

miRNA logFC p-value FDR

hsa-miR-196b-5p 1.07 < 0.0001 0.00019
hsa-miR-1246 -1.12 < 0.0001 0.00616
hsa-miR-92a-3p -1.34 0.0001 0.01187
hsa-miR-150-5p -1.87 0.00023 0.02956
hsa-miR-299-5p —4.32 0.00055 0.05749
hsa-miR-146a-5p -1.88 0.00114 0.09818
hsa-miR-378a-3p —1.45 0.00763 0.49394
hsa-miR-27a-5p 0.99 0.01104 0.61100
hsa-miR-484 -2.12 0.01614 0.61698
hsa-miR-409-3p —0.80 0.01816 0.61698
hsa-miR-490-3p 1.15 0.01853 0.61698
hsa-miR-30c-5p -0.87 0.02242 0.61698
hsa-miR-10b-5p 0.34 0.02252 0.61698
hsa-miR-574-5p 1.25 0.02263 0.61698
hsa-miR-486-5p -1.25 0.02619 0.64869
hsa-miR-17-5p 1.20 0.02630 0.64869
hsa-miR-376¢-3p 0.96 0.03618 0.67893
hsa-miR-146b-5p -0.59 0.03790 0.67893

mIiRNA expression level is expressed as log fold change (logFC) between IFNy/EV-
endMSCs (n = 4), and EV-endMSCs groups (n = 4). The comparison of expression
levels between groups led to 18 significantly altered microRNAs (p < 0.05), 4
of them presenting 5% FDR (bold highlighted) based on Benjamini-Hochberg FDR
adjusted p-values. The full list of differentially expressed miRNAs is described in
Supplementary Table 9. EV-endMSCs: Extracellular Vesicles derived from endometrial
MSCs; FDR: False Discovery Rate; IFNy/EV-endMSCs: Extracellular Vesicles derived from
IFNy-primed endometrial MSCs.

The main objective of this study was focused on an exhaustive
characterization of EVs released by menstrual blood-derived
endMSCs (EV-endMSCs). Moreover, our interest was also
focused on the biological consequences of IFNy-priming on EV-
endMSC, unraveling the proteome and microRNAome of these
brand-new therapeutic tools (Murphy et al., 2019), and finding
for them new and safe clinical applications.

As well as stem/stromal cells derived from placenta (Silini
and Parolini, 2018), amniotic fluid (Ramasamy et al., 2018),
and Wharton’s jelly (Joerger-Messerli et al., 2016), MSCs from
endometrial tissue can be easily expanded using standardized
protocols, and without ethical concerns. This aspect is an
important issue, since the simplicity of isolation protocols by
non-invasive procedures and the robust expansion capacity of
stem cells are crucial for a successful clinical translation of adult
stem cells (Bunpetch et al., 2017).

From a methodological point of view, the in vitro isolation
of EV-endMSCs was a simple and laborious procedure that
required the collection of cell culture supernatants every 3 days
and subsequent centrifugations, filtrations, and size-exclusion
concentrations. Because of the complexity and variability of
EVs released by in vitro cultured cells (exosomes, microvesicles,
apoptotic bodies), and the variety of isolation protocols
(ultracentrifugations, size-exclusion chromatography, field flow
fractionation), the characterizations and isolations of released
vesicles have been recently reviewed by the International Society
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FIGURE 7 | Functional analysis of miRNAs expression profile EV-endMSCs.
Ingenuity Pathway Analyses were performed to identify the microTargets of
those miRNAs with Experimentally observed annotation. Figure shows
interesting/representative pathways targeted by hsa-miR-196b-5p (red) and
hsa-miR-150-5p (blue). Full lists of functional pathways involving
Experimentally observed targeted genes (microTargets) are shown in
Supplementary Table 10. EV-endMSCs, Extracellular Vesicles derived from
endometrial MSCs.

for Extracellular Vesicles (Théry et al,, 2018). In our study, the
isolation/enrichment protocols for EV-endMSCs collection were
developed according to previous studies from our group, after
comparing different isolation protocols (Alvarez et al., 2015). The
workflow for molecular characterization was performed using
two strategies: high throughput proteomic analysis, and next
generation sequencing (NGS) for miRNAs. In order to simplify
and clarify the relevance of these results, the proteomic and
miRNAs analyses will be separately discussed.

The study of EV-endMSCs proteome was performed with
a high-throughput quantitative proteomic approach based on
multiplex peptide stable isotope labeling, whose applicability
on EV proteome profiling has been extensively studied and
reviewed (Raimondo et al, 2011; Pocsfalvi et al, 2016;
Greening et al., 2017). We considered more appropriate to
characterize the untreated EV-endMSCs proteome (whose cells
were not treated with IFNy) before moving toward the absolute
quantification of proteins due to IFNy-priming. We found that
the 69% of the entire EV-endMSCs proteome composition was
associated to the GO term Extracellular exosome (GO:0070062),
demonstrating the relatively high purity of the vesicles. Among
these proteins, 71 were included in the 100 top-identified
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FIGURE 8 | In vitro M1/M2 Macrophage differentiation assay. Monocytes were
firstly isolated from peripheral blood cells by plastic adherence. The M1
differentiation was performed in the presence of 50 ng/ml of human
Granulocyte-Macrophages Colony-Stimulating Factor (GM-CSF). The M2
differentiation was performed in the presence of 50 ng/ml of human
Macrophages Colony-Stimulating Factor (GM-CSF). M1-differentiated
Macrophages (M®-M1) and M2-differentiated Macrophages (M®-M2) were
analyzed at day 6 of differentiation. In parallel, EV-endMSCs and
IFNy/EV-endMSCs were added to monocytes at day O and in vitro cultured for
6 days. Similarly, monocytes were differentiated toward M1 Macrophages
(M®-M1) in the presence of EV-endMSCs and IFNy/EV-endMSCs. The
macrophages were then trypsinized and the surface expression of CD206 (M2
marker) was determined by flow cytometry in CD14 cells. The lower
boundary of the boxes indicates the 25th percentile and the upper boundary,
the 75th percentile. Bars above and below the boxes indicate the 90th and
10th percentiles. The line within the boxes marks the median. No significant
differences were observed between EV-endMSCs and IFNy/EV-endMSCs.

*p < 0.05.

proteins in ExoCarta database. Since ExoCarta is one of the
most reliable database about EVs biomolecules (Rosa-Fernandes
et al,, 2017) and it has been commonly used by several authors
to characterize the proteomic profiles of EVs (Jeannin et al,
2018; Arab et al, 2019; Goran Ronquist, 2019), our results
further confirmed the vesicular origin of identified proteins.
Surprisingly, the first identified protein was serotransferrin (see
Supplementary Table 1). However, serotransferrin should not be
considered a component of the released EVs since its presence
may be the consequence of using an insulin-transferrin-selenium
solution for in vitro cell culture and EV collection, as previously
described by other authors (Tauro et al., 2012; Garcia et al., 2015;
Chen et al,, 2017).
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It is important to note that EVs are considered critical
mediators of cell to cell communication through the exchange
of different molecules, such as proteins, DNA, RNA species,
and metabolites (Caruso Bavisotto et al., 2019). Remarkably,
EVs cargo can be modulated by different stimuli to the source
cell, exerting pleiotropic effects on the recipient cell (Yoon
et al,, 2014). Being EV's natural carriers of proteins, which are
essential for organism function and homeostasis, we aimed to
investigate the subcellular origins of the EV-carried proteins.
In accordance with other authors (Raimondo et al, 2011;
Yuan et al, 2019), the Gene Ontology analysis of the EV-
endMSCs proteome demonstrated an enrichment of proteins
classified by the terms Cytosol (GO:0005829), Extracellular
space (GO:0005615), Membrane (GO:0016020), and Extracellular
matrix (GO:0031012). The inclusion of our EV-proteins in
these four categories is understandable, considering that they
are necessary for EV biogenesis, release, and uptake (Abels
and Breakefield, 2016; Mathieu et al., 2019). In addition, the
proteins classified within these categories are involved in different
biological processes, such as cellular migration (Sung et al., 2015),
invasion (Mu et al., 2013), embryo implantation (Desrochers
et al., 2016), tumor metastasis (Hoshino et al., 2015; Sedgwick
et al,, 2015), and neutrophils recruitment during inflammation
(Majumdar et al., 2016), among others.

Furthermore, the EV-endMSCs proteome was composed
by proteins classified in the significantly enriched GO term
Mitochondrion (GO:0005739). Even though this category was
not reported by the above mentioned authors describing
EV proteomes (Raimondo et al, 2011; Yuan et al., 2019),
recent studies have outlined the existence of a mitochondrial-
endolysosomal axis (Soto-Heredero et al., 2017; Picca et al,
2019a), where mitochondrial molecules are carried by EVs
and exert their effect in processes like mitochondrial quality
control (Picca et al., 2019b), senescence (FEitan et al., 2017), and
“inflamm-aging” (Prattichizzo et al., 2017).

The presence of several EV-endMSCs proteins related to the
Immunological synapse (GO:0001772) confirmed the findings of
other researchers, who already associated EVs to mechanisms
like T cell-antigen presenting cell interaction (Choudhuri et al.,
2014), antigen-specific T-cell activation induced by dendritic
cell (Théry et al, 2002), MHC class-II mediated antigen
presentation (Roche and Furuta, 2015), and T-helper 1 cells
differentiation (Qazi et al., 2009). In contrast to other authors
who detected the presence of nuclear (Raimondo et al., 2011;
Yuan et al,, 2019) and ribosomal EV proteins (Ung et al., 2014),
the EV-endMSCs proteome was not significantly enriched in
these components.

As previously mentioned, the comparative analysis between
EV-endMSCs and IFNy/EV-endMSCs has revealed statistically
significant differences in a wide range of proteins with different
biological functions. In an attempt to determine the most
relevant results from this exhaustive analysis, we focused our
interest on immunomodulatory proteins that may have a key
role in the therapeutic efficacy of these EVs. Of course, we
are aware that this selection is questionable and, for sure,
many other proteins may deserve a proper discussion and
further investigation.
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The identification of CSF-1 (also called M-CSF), in EV-
endMSCs, and the differential expression observed on IFNy/EV-
endMSCs, could be considered one of the most relevant results
from this study. The changes observed for this protein were
further confirmed by ELISA. The immunoassay corroborated
the significant differences observed in the proteomic analysis
between EV-endMSCs and IFNy/EV-endMSCs. It is widely
accepted that CSF-1 is a primary regulator for macrophages
(Jones and Ricardo, 2013) and it has been associated with
M2 polarization and shifts toward homeostatic/reparative state
(Hamilton, 2008; Hamilton et al., 2014). Additionally, CSF-
1 has been found to modulate inflammatory responses,
promoting the expansion and viability of macrophages in
patients with inflammatory-mediated diseases (Lenzo et al.,
2012; Hamilton and Achuthan, 2013). In the context of
stem cell-based therapies, preclinical studies in myocardial
infarction have demonstrated the immunomodulatory capacity
of MSCs promoting the shift from M1 to M2 macrophages
(Cho et al,, 2014). More recently, a deep analysis of MSCs-
macrophages interactions have shown that MSCs triggered the
proliferation/differentiation of macrophages toward M2 by cell-
to-cell contact, and by soluble factors where CSF-1 has a key
role (Takizawa et al., 2017). All these findings, together with
the identification of CSF-1 in these vesicles, and its significant
increase in EVs from IFNy-primed cells, may suggest that
EV-endMSCs promote a M2 polarization. In accordance with
this idea, an in vitro functional assay was performed using
EV-endMSCs and IFNy/EV-endMSCs. These vesicles were co-
cultured with peripheral blood monocytes and macrophage
differentiation/polarization demonstrated that both control
EV-endMSCs and IFNy/EV-endMSCs favored macrophages
differentiation toward M2. In agreement with these in vitro
results, our research group has recently demonstrated that
extracellular vesicles from cardiosphere-derived cells stimulate
M2 differentiation in the acute phase of porcine myocardial
infarction (Lopez et al., accepted).

Another relevant protein that was found in the proteome
of EV-endMSCs and that increased in IFNy/EV-endMSCs was
ERAP1 (an aminopeptidase). Considering that ERAP1 is directly
involved in the MHC class I presentation process (Cifaldi et al.,
2012), the upregulation of this molecule under IFNy treatment is
not surprising. ERAP-1 is also involved in numerous biological
processes and the presence of this protein in EV-endMSCs may
have some other consequences. Firstly, the presence of ERAP1
has been found to increase the shedding of cytokine receptors
(Cui et al,, 2002), and to modulate the overall innate immune
response (Aldhamen et al., 2013). Therefore, it is expected that
the presence of ERAP1 in EV-endMSCs may have an impact in
the inflammatory signaling on target cells. Secondly, ERAP-1 is
also involved in cell proliferation, migration and angiogenesis
upon stimulation with VEGF (Miyashita et al., 2002; Reeves and
James, 2017), so the presence of this molecule in EV-endMSCs
may be responsible, at least in part, for the pro-angiogenic
effects observed on endMSCs (Hayati et al,, 2011; Zhang et al,,
2016).

The third protein showing an increase on IFNy/EV-endMSCs
(and classified as immunomodulatory), was PYCARD (also
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called ASC). This protein is an adaptor for inflammasomes
that activate caspase-1 (Taxman et al, 2011) which also
regulate the transcription of cytokines through NF-kB activation
pathway (Stehlik et al, 2002). Interestingly, PYCARD has
been found to inhibit the NF-kB activation mediated by
proinflammatory cytokines. Based on that, the presence of
this protein in EV-endMSCs may reduce the susceptibility
to inflammatory stimuli in target cells. In other words, the
interactions between EV-endMSCs and inflammatory cells could
modulate the intracellular signaling pathways toward a less
inflammatory phenotype.

Together with proteins, miRNA species are essential
components of EV cargo (Abels and Breakefield, 2016). For
this reason, the characterization of the proteomic profile was
followed by an NGS analysis to define the RNA signature of
EV-endMSCs. Firstly, our results demonstrated that miRNAs
in EV-endMSCs are underrepresented over other small RNAs,
which is in agreement with other studies developed in exosomes
(Jenjaroenpun et al., 2013; Baglio et al., 2015; Tosar et al., 2015;
Sork et al,, 2018). Ingenuity Pathways Analyses allowed us to
understand the pathways and biological mechanisms of miRNAs
dataset. These analyses revealed that, among the 937 miRNAs
with more than 10 TPMs, the genes PTEN, CDK6, BCL2,
CCNDI, and MET were targeted by 5 to 8 different miRNAs.
These genes are directly involved in intracellular signaling, and
cell proliferation, so the internalization of the above-mentioned
miRNAs in target cells would have a significant impact on
these intracellular pathways. Additionally, the quantification
of miRNAs revealed that hsa-let-7a-5p, hsa-miR-143-3p, hsa-
miR-21-5p, hsa-let-7b-5p, hsa-let-7f-5p, hsa-miR-16-5p, and
hsa-miR-199a-3p were abundantly expressed, having an average
of more than 200 TPMs. A networks analysis to identify multiple
query nodes was performed with miRTargetLink (Wong and
Wang, 2015; Liu and Wang, 2019). According to this analysis,
4 of the top-abundant miRNAs (hsa-miR-143-3p, hsa-miR-
16-5p, hsa-miR-21-5p, and hsa-let-7b-5p) showed a validated
interaction with IGFIR. This result may indicate that different
miRNAs from EV-endMSCs could inhibit the IGFIR signaling
in target cells and, subsequently the IGF1R-related pathways to
modulate proliferation, survival, cell adhesion, etc. (Girnita et al.,
2014). Finally, miRNA expression profile of EV-endMSCs and
IFNY/EV-endMSCs samples showed four differentially expressed
miRNAs (FDR < 0.005). Moreover, the IPA analysis revealed
that two Experimentally observed miRNAs, hsa-miR-150-5p and
hsa-miR-196b-5p, target some genes involved in Glucocorticoid
Receptor Signaling, IL-6/8/12 Signaling, and in the Role of
Macrophages. However, when we tried to validate the expression
by qPCR of hsa-mir-1246, hsa-mir-150-5p, hsa-mir-196b-5p,
and hsa-mir-92a-3p, we did not obtain conclusive results.
PCR amplification of low abundant miRNAs in extracellular
vesicles can be a challenge. Unfortunately, the four differentially
expressed miRNAs (FDR < 0.05) that we tried to amplify by
qPCR were between the least abundant detected by NGS. Hence,
we could not validate these miRNAs, even using commercially
available optimized probes.

In summary, our qualitative, quantitative, bioinformatics,
and in vitro analyses of proteins and miRNAs have provided
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some clues and hints to unravel the molecules involved in
the biological effect of these vesicles. This result, together with
proteomics and the macrophage polarization assay suggests
that EV-endMSCs may have an immunomodulatory effect in
inflammatory conditions.
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Abstract

Endometrial Mesenchymal Stromal Cells (endMSCs) are multipotent cells with immuno-
modulatory and pro-regenerative activity which is mainly mediated by a paracrine effect.
The exosomes released by MSCs have become a promising therapeutic tool for the treat-
ment of immune-mediated diseases. More specifically, extracellular vesicles derived from
endMSCs (EV-endMSCs) have demonstrated a cardioprotective effect through the release
of anti-apoptotic and pro-angiogenic factors. Here we hypothesize that EV-endMSCs may
be used as a co-adjuvant to improve in vitro fertilization outcomes and embryo quality.
Firstly, endMSCs and EV-endMSCs were isolated and phenotypically characterized for

in vitro assays. Then, in vitro studies were performed on murine embryos co-cultured with
EV-endMSCs at different concentrations. Our results firstly demonstrated a significant
increase on the total blastomere count of expanded murine blastocysts. Moreover, EV-
endMSCs triggered the release of pro-angiogenic molecules from embryos demonstrating
an EV-endMSCs concentration-dependent increase of VEGF and PDGF-AA. The release
of VEGF and PDGF-AA by the embryos may indicate that the beneficial effect of EV-
endMSCs could be mediating not only an increase in the blastocyst’s total cell number, but
also may promote endometrial angiogenesis, vascularization, differentiation and tissue
remodeling. In summary, these results could be relevant for assisted reproduction being
the first report describing the beneficial effect of human EV-endMSCs on embryo
development.
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Introduction

Mesenchymal Stromal Cells (MSCs) are ubiquitous multipotent progenitor cells that can be
found in bone marrow, umbilical cord, placenta or adipose tissue among others [1]. Their
main features are plastic adherence, high proliferative potential, differentiation potential
towards osteogenic, adipogenic and chondrogenic lineages and their self-renewal capacity [2].
Due to their immunomodulatory and anti-inflammatory activities, these cells have been con-
sidered for the treatment of a wide variety of clinical conditions including cirrhosis or articular
damage [3,4]. However, invasive extraction of MSCs by means of tissue biopsies and the need
for later expansion are limiting factors for their clinical application.

MSCs release paracrine factors that have also been shown to effectively mediate tissue repair
and regeneration [5] offering a good cell-free alternative to direct MSCs application. Among
all the paracrine factors, special attention is being put on exosomes, which are small vesicles
(40-150 nm) of endosomal origin that mediate cell to cell communication. These vesicles are
known to be composed of RNAs, DNA, lipids and proteins, although these components may
vary depending upon cell type and physiological or pathological status [6,7].

Recently, MSCs have been isolated from human menstruation offering the advantage of
being a non-invasive source of multipotent cells that can grow twice faster than bone marrow-
derived MSCs [1]. This intense proliferative potential is aimed to maintain the dynamic
remodeling of the endometrium [8] during the menstrual cycle. This cycle consists of a
secretory and a proliferative phase which is followed by a profound desquamation of the endo-
metrium during menstruation, being repeated over 400 times throughout the women’s repro-
ductive life [9]. Hence, endometrial MSCs offer the advantage of being a reliable and cost-
effective source of multipotent cells. Recent studies have demonstrated that exosomes derived
from menstrual MSCs alleviate apoptosis in a mouse model of fulminant hepatic failure [10]
and decrease tumor-induced angiogenesis in prostate PC3 tumor cells [11].

Regarding the role of extracellular vesicles derived from endometrial MSCs (EV-endMSCs)
in early pregnancy, it is known that the endometrium establishes a complex interplay with the
embryo being this cell to cell communication mediated in part by exosome release [12]. This
dynamic communication is partly mediated by cytokines and growth factors that are involved
in pregnancy. For example, T cell-derived cytokines such as GM-CSF or IL-3 have been dem-
onstrated to be important growth factors for the trophoblast, while TGF-3, CSF-1 and LIF are
involved in implantation determining embryo survival and viable offspring delivery [13,14].

Preimplantation development requires a transcriptional control for a precise coordination
of multiple cell-fate decisions [15]. It requires the reprogramming of parental epigenomes to a
totipotent state and the epigenetic programs are essential for lineage decisions and differentia-
tion [16]. Several dynamic changes occurs during blastocyst formation and the polarization
model seems to be the best model to incorporate most known information [17]. Once the
oocyte is fertilized, the embryo undergoes symmetric and asymmetric divisions during morula
to blastocyst transition. When it reaches the expanded blastocyst stage, it will escape from the
zona pellucida (embryo hatching), being this a mandatory step for successful implantation
[18,19]. Even when endometrial MSCs exosomes are presumed to vehicle many soluble factors
including cytokines and growth factors, the effect that these vesicles may exert as coadjutants
during embryo culture still remains unexplored. Therefore, the aim of the present study was to
isolate and characterize human endometrial MSCs and their extracellular vesicles; then to eval-
uate their biological effect these EV- MSCs were co-cultured with murine 2 cell embryos pro-
duced in utero. Embryo development and hatching were in vitro evaluated.

Our results firstly demonstrate the beneficial effect of EV-endMSCs on embryo develop-
mental competence, total cell number and embryo hatching. Moreover, the analysis of soluble
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factors released by co-cultured embryos evidenced a significant increase of VEGF and
PDGEF-AA secretion which have been associated with enhanced angiogenesis, vascularization,
differentiation and tissue remodeling possibly aiming to enhance endometrial receptivity.

Materials and methods

Isolation and in vitro expansion of endometrial mesenchymal stromal cells

Endometrial Mesenchymal Stromal Cells (endMSCs) were isolated from menstrual blood of
four healthy women (Fig 1) according to previously described protocols [20,21]. Inclusion cri-
teria for women were: females without infection, no hormone therapy and ages between 30-40
years. The exclusion criteria were: females with HBV, HCV or HIV infection, immune disor-
ders and under hormone treatments. The samples were collected on day 2 or 3 of the men-
strual cycle by the use of a menstrual cup. Written informed consent was obtained from all
donors under the auspices of the Minimally Invasive Surgery Centre Research Ethics Commit-
tee, which approved this study. Briefly, menstrual blood was diluted 1:2 in PBS and centrifuged
at 450 x g for 10 minutes. Supernatants were discarded in order to remove the residues of cer-
vical mucus and cells were re-suspended in DMEM containing 10% fetal bovine serum (FBS),
1% penicillin/streptomycin and 1% glutamine. Cells were seeded onto tissue culture flasks and
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Fig 1. Description of the study and methodological design.
https://doi.org/10.1371/journal.pone.0196080.9001
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expanded at 37°C in 95% air and 5% CO, atmosphere. Non-adherent cells were removed after
24h. Adherent cells were cultured to 80% confluency and detached using PBS containing
0.25% trypsin (v/v). Cells were seeded again at a density of 5000 cells/cm?. Culture medium
was changed every three days.

Phenotypical and functional characterization of endMSCs

The differentiation assay of endMSCs was performed when the cells reached 80% of conflu-
ence. Standard in vitro differentiation assays were used to promote osteogenic, adipogenic and
chondrogenic differentiation. Cells were cultured for 21 days with differentiation specific
media (Stem Pro Adipogenesis, Chondrogenesis and Osteogenesis Differentiation Kits, Gibco,
Thermo Fisher Scientific, MA, USA) which was replaced every three days. Cells were stained
to evidence adipogenic, chondrogenic and osteogenic differentiation with Oil Red O, Alcian
Blue 8GX and Alizarin Red S stains, respectively. Differentiated cells were observed by optical
microscopy. The degree of adipogenic, chondrogenic and osteogenic differentiations was
determined by extracting the stain with 6M guanidine-HCI (Alcian Blue 8GX and Alizarin
Red S stains) or pure isopropanol (Oil Red O stain). The absorbance of the extracts was quanti-
fied at 490 nm (Oil Red O and Alizarin Red S stains) and at 600 nm (Alcian Blue 8GX).

For the phenotypic analysis, 2 x 10° endMSCs were stained with human monoclonal anti-
bodies (mAbs) against CD29, CD31, CD34, CD44, CD45, CD49d, CD49f, CD56, CD73,
CD90, CD105 and HLA-DR using the appropriate concentrations of mAbs in the presence of
PBS containing 2% FBS. The endMSCs and mAbs were incubated for 30 min at 4°C. The cells
were washed and re-suspended in PBS. Isotype-matched antibodies were used as negative con-
trols. The flow cytometric analysis was performed on a FACScalibur cytometer (BD Biosci-
ences, CA, USA) after acquisition of 10° events.

Viable cells were selected using forward and side scatter characteristics and fluorescence
was analyzed using CellQuest software (BD Biosciences, CA, USA). Isotype-matched negative
control antibodies were used in the experiments. The percentage of positive cells above the
negative control (isotype controls) was determined. Cells were analyzed at passages 3-4.

Isolation, purification and characterization of extracellular vesicles from

endMSCs

An enriched fraction of endMSCs-derived exosomes, contained in the isolated extracellular
vesicles, was obtained from endMSCs cultured in 175 cm? flasks using a previously optimized
protocol [22]. When cells reached a confluence of 80%, culture medium (DMEM containing
10% FBS) was replaced by exosome isolation medium (DMEM containing 1% insulin-trans-
ferrin-selenium). The endMSCs supernatants were collected every 3-4 days and centrifuged at
1000 x g for 10 min and 5000 x g for 20 min at 4°C to eliminate dead cells and debris. Subse-
quently, the supernatants were filtered twice using a sterile cellulose acetate filter of 0.45 pm
and then on of 0.20 um (Corning, NY, USA). About 15 ml of these endMSCs supernatants
were ultra-filtered through 3kDa MWCO Amicon® Ultra Devices (Merck-Millipore, MA,
USA) at 4000 x g for 1 hour at 4°C. The concentrated supernatants were collected and stored
at -20°C. Prior to in vitro experiments, the concentration of microvesicles was indirectly mea-
sured by quantifying the protein content by a Bradford assay (BioRad Laboratories, CA, USA).

The concentration and size of purified EV-endMSCs were quantified by nanoparticle track-
ing analysis (NanoSight Ltd, Amesbury, UK) equipped with fast video capture that relates the
rate of Brownian motion to particle size. Results were analyzed using the particle-tracking
analysis software package version 2.2. The equipment configuration for this analysis was:
frames processed: 900. 899; frames per second: 30; calibration: 166 nm/pixel; automatic

PLOS ONE | https://doi.org/10.1371/journal.pone.0196080 April 23, 2018 4/18

209



@PLOS | ONE

APPENDIX 1: PUBLICATIONS FORMING PART OF THIS THESIS

Endometrial MSCs-derived exosomes improve in vitro fertilization outcomes

defocus: Auto; detection threshold: 4 Multi; minimum size expected: Auto; tracking minimum
size: 100 nm; temperature: 24-28°C; viscosity: 0.80-0.95 cP.

For the flow cytometric analysis by fluorescent activated cells sorting, EV-endMSCs were
bounded to latex beads and labeled with fluorophore-conjugated antibodies as described by
Théry et al. [23]. Briefly, EV-endMSCs (5 pg of exosomal proteins) were conjugated overnight
at 4°C with 10 pl of Aldehyde/Sulfate latex beads, 4% w/v, 4 um (Molecular Probes, OR, USA).
110 pl of 1M glycine were added to each tube and incubated for 30 minutes. Then the samples
were centrifuged and re-suspended in a final volume of 0.5 ml PBS, containing 0.5% bovine
serum albumin (BSA; w/v). These EV-endMSCs-coated beads were incubated for 30 minutes
at 4°C with anti-CD9 and anti-CD63 human monoclonal antibodies (BD Biosciences, CA,
USA). The EV-endMSCs -coated beads were washed and re-suspended in PBS+BSA. The flow
cytometry analysis was performed on a FACScalibur cytometer (BD Biosciences, CA, USA)
after acquisition of 10° events. Isotype-matched negative control antibodies were used in all
the experiments. The percentage of positive cells above the negative control (isotype controls)
was determined.

Soluble factor analysis

At the third day of embryo culture, the embryos were fixed as described below and the cell cul-
ture media were individually collected and stored at -20°C for later soluble factors analyses
(Fig 1). As negative controls, KSOM medium with or without EV-endMSCs were used and
their quantifications were subtracted to the corresponding study groups. The murine-specific
soluble factors analyzed were chosen for their importance in the first phases of embryo devel-
opment: GM-CSF, VEGF, IGF-I, IL-6, M-CSF, EGF and PDGF-AA. These soluble factors
were analyzed using a bead-based Magnetic multiplexed Luminex Assay (LXSAMSM, R&D
systems, MN, USA) according to the manufacturer’s instructions. The concentrations of the
different factors were expressed as pg/ml.

Animals and superovulation protocol

All the experimental procedures were reviewed and approved by the Ethical Committee of the
Jesus Uson Minimally Invasive Surgery Centre. BED2F1 mice were housed under a 12 h light/
12 h dark cycle, at a controlled temperature (19-23°C) with free access to food and water.
Females were intraperitoneally (IP) injected with 8 IU of equine chorionic gonadotropin
(eCG, Veterin Corion, Divasa Farmavic) followed 49 h later by 8 IU of IP human chorionic
gonadotropin (hCG, Foligon, MSD) to trigger ovulation (Fig 1).

In vivo embryo recovery and culture

Female mice (8-12 weeks old) were hormonally stimulated to trigger ovulation as previously
described; after hCG injection, females were paired with B6D2 males in a 1:1 ratio. After 36
hours from the hCG injection, females were sacrificed by cervical dislocation and the embryos
were collected from the oviducts in M2 (Sigma-Aldrich, Barcelona, spain); these 2-cell
embryos were washed in fresh KSOM (Merck-Millipore, Madrid, Spain) and placed in 100 pl
droplets (9-12 embryos/droplet) devoid of EV-endMSCs (control) or in KSOM droplets
added with 10, 20, 40 or 80 pg/ml of EV-endMSCs from the four different donors individually
and media was not replaced throughout the entire culture; embryos were incubated in a 5%
C0O,/95% air atmosphere at 37°C and 100% humidity. For each experiment, 2 cell murine
embryos were obtained from 3 different females (36 hours post-hCG) and pooled prior
embryo culture (12 different females used in total). The number of initial 2 cell embryos and
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the percentage of embryos reaching the expanded blastocyst stage as well as embryo hatching
after 75 hours in culture were recorded (Fig 1).

Total cell number

The number of cells in an embryo is a well-known indicator of embryo viability and quality
[24]. Therefore, in view of the previous data, after embryo hatching assessment, the blastocysts
obtained were fixed in 4% formaldehyde in PBS added with 0.01% of polyvinyl alcohol (PVA;
w/v) at4°C for 12 hours and stained with 2.5 pg/ml of Hoechst 33342 (Eugene, OR, USA) in
PBS added with PVA for 10 minutes at 37°C. Then, the blastocysts were mounted on glass
slides with glycerol, covered with coverslips and sealed. Embryos were then visualized (Fig 1)
using a fluorescence microscope (Nikon Elipse TE2000-S) equipped with an ultraviolet lamp.
Cell number was analyzed using the Fiji Image-] Software (1.45q, Wayne Rasband, NIH,
USA).

Statistical analysis

For total cell number analysis data were tested for normality using a Shapiro-Wilk test; results
are reported as mean + standard deviation (SD). Groups were compared using a one way
ANOVA due their Gaussian distribution and homoscedasticity. When statistically significant
differences were found, a Bonferroni post-hoc test was used to compare pairs of values. Blasto-
cyst and hatching rates were compared among groups by Chi-square test with the Yates cor-
rection for continuity. The Fisher’s Exact Test was used when a value of less than 5 was
expected in any treatment. A Student t-test for paired comparisons was performed on VEGF
and PDGF-AA measurements. The correlation between VEGF and PDGF-AA was calculated
using the Pearson correlation coefficient. Statistical analyses were performed using Sigma Plot
software version 12.3 for Windows (Systat Software, IL, USA) or with SPSS-21 software (SPSS,
IL, USA); p < 0.05 was considered as statistically significant.

Results
Phenotypic profile of endMSCs

The phenotypic analysis of endMSCs cultures was carried out by flow cytometry. As reported
by the representative histograms (Fig 2A), endMSCs were negative for CD31, CD34, CD45,
HLA-DR and positive for the stemness markers CD29, CD44, CD49d, CD49f, CD56, CD73,
CD90 and CD105. The differentiation towards the adipogenic, chondrogenic and osteogenic
lineages was confirmed by microscopic analysis (Fig 2B) and stain quantification (Fig 2C).

Size distribution, concentration and exosome specific markers in EV-
endMSCs

In order to quantify the proteins in the enriched fraction of exosomes, a Bradford assay was
performed ranging their protein concentrations between 350 and 750 pug/ml. The nanoparticle
tracking analysis of EV-endMSCs revealed that the mean size and standard deviation of iso-
lated vesicles from four different donors was 153.5+63.05 nm, while their concentration was
3.31x10"" + 3.8x10° particles/ml. Fig 3A shows a representative analysis of nanoparticle track-
ing analysis. Finally, the EV-endMSCs were phenotypically characterized by flow cytometry
with specific exosomal markers. The analysis of CD9 and CD63 demonstrated a positive
expression of these exosome-related proteins (Fig 3B).
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Fig 2. Phenotypical characterization and differentiation potential of endMSCs. (A) Flow cytometry analysis of endMSCs isolated from menstrual blood.
A representative histogram together with the expression levels is shown. The expression of cell surface markers is represented as the percentage of positive
cells (black lined histogram) above the negative control (grey lined histogram). (B) In vitro differentiation potential of endMSCs. The cells were in vitro
cultured for 21 days with standard medium (Control) or with specific differentiation media for adipogenic, osteogenic and chondrogenic lineages
(Induced). Differentiation towards adipocytes, osteocytes and chondrocytes was evidenced by Oil Red O, Alizarin Red and Alcian Blue 8GX respectively.
Scale bar: 100 pm. (C) The adipogenic (above), osteogenic (middle) and chondrogenic (below) differentiation degree was quantified by determining the
absorbance of the extracts at 490 nm (Oil Red O and Alizarin Red § staining) and at 600 nm (Alcian Blue 8GX). Four independent experiments using four
different cell lines were performed and a Mann-Whitney U test was used. p-values are shown in the figure.

https://doi.org/10.1371/journal.pone.0196080.9002

Development to the blastocyst stage, embryo hatching and total cell
number count

Our results showed that the developmental competence of the embryos did not vary disregard-
ing EV-endMSCs addition or the dosage used. The blastocyst rate of the control embryos
devoid of EV-endMSCs was 86.8%, this percentage was 98.2% for the 10 pg/ml dose, 92.9% for
20 pg/ml, 79.6% when 40 pg/ml of EV-endMSCs were added and 84.9% for the 80 ug/ml dose
and no statistically significant differences were observed between groups (p>0.05; Table 1).
Conversely, total cell number was significantly enhanced ranging from 73.8-75.6 cells/embryo
(37-41 blastocysts evaluated per treatment) when EV-endMSCs were added exceeding the
non-EV-endMSCs added control (61.2 + 19.6 cells/embryo, n = 44; p<0.05), demonstrating
that EV-endMSCs significantly promoted blastomere division during embryonic development
(Fig 4). Furthermore, as seen in Table 1, embryo hatching was consistently enhanced for all
the EV-endMSCs dosages tested, although statistically significant differences were only
observed between the control (20.5% hatching embryos) and the 20 ug/ml and 40 pg/ml EV-
endMSCs dosages (54.1 and 47.6% of hatching embryos respectively; p<0.05).

Quantification of soluble factors secreted during embryo development in
vitro

The analysis of soluble factors was performed at the third day of embryo culture. Unfortu-
nately, the analysis of murine molecules: GM-CSF, IGF-I, IL-6, M-CSF and EGF were below
the detection limits of the technique and the quantification of these molecules was impossible
at this time point (data not acquired). On the contrary, blastocyst-released PDGF-AA and
VEGF were detectable in all supernatants at day 3 of embryo culture for all the different EV-
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Fig 3. Characterization of EV-endMSCs. (A) Representative graph of nanoparticle tracking analysis to quantify size
distribution and particle concentration of EV-endMSCs. (B) Flow cytometry analysis on EV-endMSCs for exosomal
markers CD9 and CD63. A representative histogram together with the expression levels is shown. The expression of
cell surface markers is represented as as the percentage of positive cells (black lined histogram) above the negative
control (grey lined histogram).

https://doi.org/10.1371/journal.pone.0196080.g003

endMSCs dosages tested. Our results demonstrated an EV-endMSCs concentration-depen-
dent increase of VEGF and PDGF-AA released by the embryos (Fig 5). It is important to note
that the hypothetical presence of VEGF or PDGF-AA factors from EV-endMSCs was

Table 1. Embryo development to the blastocyst stage and hatching rates.

Treatment | Initial 2 cell embryos | Blastocyst (%) Hatching (%)
Control 53 86.8" 20.5"
10 pg/ml EV-endMSCs 56 98.2° 39.0™"
20 pg/ml EV-endMSCs 57 929" 54.1°
40 pg/ml EV-endMSCs 49 79.6" 47.6"
80 pg/ml EV-endMSCs 53 84.9° 40*°

The initial number of 2 cell embryos retrieved in uterus (n) as well as blasocyst rate in % and hatching embryos in % is provided (hatching rates were calculated as the

number of blastocysts that hatched/total blastocyst number per treatment); different superscripts represent statistically significant differences (p<0.05).

https://doi.org/10.1371/journal.pone.0196080.t001
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Fig 4. Total cell number of murine blastocysts cultured in presence or absence of EV-endMSCs. Total cell number
of the obtained expanded blastocysts was obtained after Hoechst 33342 staining and subsequent evaluation by
fluorescence microscopy. For each treatment, the individual blastomere count is represented. Horizontal bars show the
mean values. All the treatments differ statistically from the control (p<0.05). Representative micrographs of expanded
blastocysts cultured with varying dosages of EV-endMSCs are shown.

https://doi.org/10.1371/journal.pone.0196080.9004

n=44 n=41 n=37

considered and negative controls (culture medium with/without EV-endMSCs) were included
for the different samples and this background was subtracted for each sample. However, as we
could not discard cross-reactivity between human and mouse PDGF-AA in the Luminex
assay, there is a possibility that residual human PDGF-AA with exosomal origin coming from
embryos could have interfered in the measurements. The separated values of the experimental
samples and negative control samples are shown in S1 Fig.

In the case of PDGF-AA, significant differences were found between negative controls
(embryos cultured in the absence of EV-endMSCs) and embryos co-cultured with EV-
endMSCs. The EV-endMSCs added at 10 pg/ml, 20 pug/ml, 40 ug/ml and 80 ug/ml showed the
following p values: p = 0.021, p = 0.014, p = 0.064 and p = 0.031 respectively (Fig 5A).

In the case of VEGF, several significant differences were found between negative controls
(blastocysts cultured without EV-endMSCs) and blastocysts co-cultured with EV-endMSCs.
The EV-endMSCs supplemented at 10 pug/ml, 20 ug/ml, 40 pg/ml and 80 pg/ml showed the fol-
lowing p values: p = 0.249, p = 0.018, p = 0.060 and P<0.001 respectively (Fig 5B).

Finally, as shown in Fig 5C, our results demonstrated that the released VEGF and
PDGF-AA produced by the blastocyst during their development in vitro were very significantly
correlated (r = 0.812, p<0.001).
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Discussion

Exosomes derived from MSCs are a matter of study as they are known to exert a therapeutic
role in different physiological and pathological conditions. In the case of endMSCs, these cells
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Fig 5. Quantification of VEGF and PDGF-AA secreted during embryo culture. Soluble factors released by the
developing embryos co-cultured with EV-endMSCS were quantified by the Luminex xMAP technology at the third
day of embryo culture. (A) PDGF-AA secreted by blastocyst embryos. All the data were compared by Student t-test for
paired comparisons with respect to control group. The mean (dotted line) +SD from four independent experiments, as
well as individual measures (rhombuses), are shown. (B) VEGF secreted by blastocyst embryos. All the data were
compared by Student t-test for paired comparisons with respect to control group. The mean (dotted line) +SD from
four independent experiments, as well as individual measures (rhombuses), are shown. (C) Correlation between
PDGF-AA and VEGF. Correlation line as well as individual measures (rhombuses) are represented. The Pearson
correlation coefficient (r) together with its significance level (p) is shown.

https://doi.org/10.1371/journal.pone.0196080.g005
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participate in tissue remodeling which is essential for the endometrium [25] exhibiting immu-
nomodulatory potential through the release of soluble factors [26]. These cells can be easily
obtained during menstruation and their expansion, characterization and subsequent exosome
retrieval can be achieved in the laboratory. Specifically, human exosomes released in the uterus
have been demonstrated to profoundly influence implantation and embryo-maternal crosstalk
[8].

Additionally, it has been demonstrated that in vitro produced bovine embryos release exo-
somes and that their composition varies depending on the embryo competence [27]; on the
other hand it has been shown that, when the culture medium is not replaced during the entire
embryo culture, the blastocyst rate, total cell number and calving significantly improve in
bovine cloned embryos [28]. These effects have been related to exosome secretion by the
embryos in the culture medium as removal of these exosomes by medium replacement impairs
embryo development, while its supplementation to exosome-depleted embryos increases
embryo quality [28]. Taken together, these reports reflect the complex interplay existing
between the maternal environment and the embryo as exosome release and uptake determines
embryo competence, quality and birth rate.

Even when exosomal content is still under study, what it is already known is that exosomes
are locally released and are meant to interact and transfer their cargo to the target cells.
Although the exact mechanisms are under study, in the case of the uterine environment these
mechanisms are even more intricate, as the exosome content also depends on the hormonal
environment and gestational status [29,30]. Several studies have been conducted to understand
their in vitro features such as protein cargo (8] or micro RNA content [31] although the role
that they may play in vivo or the optimal dosage to be used remains unexplored. Based on the
previously mentioned literature, we aimed to elucidate if human EV-endMSCs influenced the
soluble factors released by blastocyst, the development and hatching of blastocysts or the blas-
tomere proliferation of murine embryos obtained in vivo. Our results did not evidence any
effect of EV-endMSCs on embryo development as the blastocyst rates remained unchanged
between treatments (over 79% blastocyst rate for all the treatments tested). These data are in
agreement with previous reports in the bovine species in which exosomes derived from homol-
ogous oviductal explants did not increase the blastocyst yield [32,33]. However, core differ-
ences exist in both experimental settings as bovine in vitro produced embryos exhibit
consistently lower developmental competence than B6D2F1 murine in vivo obtained two cell
embryos [34]. Nevertheless, our results do not evidence any toxic effect of the EV-endMSCs
dosages tested, and thus, the ones used in the present study can be considered non-toxic. As
embryo development to the blastocyst stage does not predict embryo quality, the expanded
blastocysts obtained were fixed and stained with Hoechst 33342 in order to determine their
quality by total blastomere counts [35]. Interestingly, our results demonstrated an increase in
blastomere count at all the EV-endMSCs dosages tested over the control demonstrating a posi-
tive effect of these microvesicles on embryonic total cell number. However, embryo transfer
will be performed in next studies to rule out an increased incidence of embryonic aneuploidies
in embryos supplemented with EV-endMSCs, although their incidence is very low in this spe-
cies [36]. As previously mentioned, homologous oviductal exosomes increase the quality of
bovine embryos in terms of survival rate after cryopreservation and gene expression [32,33].
In addition, exosomes derived from cloned bovine embryos also enhanced total cell number
and the inner cell mass/trophoectoderm cell of the embryos [28] and these results parallel the
ones obtained in the present work. To further confirm that EV-endMSCs increase embryo
quality in vitro, hatching rates were also evaluated. Interestingly, statistically significant differ-
ences in hatching rates were only detected in the 20 and 40 pg/ml dosages compared against
control, although for the 10 and 80 pg/ml dosages hatching rates were almost doubled
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compared to the non-microvesicles added treatment. It is known that embryo hatching in the
mouse is achieved by an embryonic-mediated lytic mechanism and by the pressure of the
expanding blastocele/blastocyst against the zona [37]. However, the exact mechanism of hatch-
ing is still controversial as some authors claim that the lytic mechanism is predominant and
the blastocyst pressure is less relevant [38]; thus our results parallel those of Gordon et al. who
described that enzymatic digestion of the zona pellucida using Tyrode’s solution better induces
embryo hatching compared to mineral injection under the zona to mimic the mechanical
embryo pressure as, even when total cell number significantly increases in each EV-endMSCs
treatment, hatching rates improve significantly only for the 20 and 40 pg/ml dosages. These
results reflect that the 10 pug/ml is a low dose while with the 80 pg/ml dosage we may be work-
ing at saturation conditions; therefore the 20-40 pug/ml dosages seem to be adequate reference
ranges to work with. Our preliminary proteomic analyses of the EV-endMSCs have revealed a
wide range of proteins closely related to embryo development and implantation (manuscript
in preparation). As an example, transferrin [39], vinculin [40], and fibronectin [41,42] have
been demonstrated to promote embryo development being essential in the early embryo devel-
opment and survival. Thus, EV-endMSC could be promoting embryo blastomere division and
hatching by the specific protein cargo released to the embryo culture medium. In addition,
core proteins related to embryo implantation such as matrix metalloproteinase-2, -3 and -9
[43,44], or E-cadherin [45] were also identified. In summary, according to the proteomic pro-
file of EV-endMSCs and the enhanced hatching observed in our EV-endMSCs embryos (posi-
tively related with embryo implantation [46]), our results may indicate a higher implantation
potential of the obtained embryos, but this theory has to be further confirmed.

Apart from the analysis of embryo developmental competence, total blastomere count
and blastocyst/hatching rate; we aimed to evaluate the release of soluble factors by murine
embryos. It is known that embryos release cytokines that play a role in embryonic develop-
ment, embryo-maternal recognition and maintenance of the proper hormonal environment
[47]. However, the exact molecules that modulate the development of the pre-implantation
embryo still remains a matter of study [48]. In this study, our analysis was firstly focused on
the quantification of GM-CSF which has been demonstrated to promote blastocyst develop-
ment [49], embryo implantation [50] as well as embryo survival [51]. Unfortunately, in our
experimental conditions, the quantification analysis by Luminex xMAP detection was not sen-
sitive enough to quantify murine GM-CSF. In fact, the detection limit of our Luminex assay
was 11.65 pg/ml, while the detection limit by commercially available ELISAs is usually between
4 to 5 pg/ml. Based on that, future studies for quantifying murine GM-CSF will be performed
by ELISA tests or by using blastocysts supernatants at different time points. Similarly to
murine GM-CSF, the analyses of murine IL-6, M-CSF, EGF and IGF-I were also below the
detection limit. Previous studies in human embryo culture-conditioned media have demon-
strated that IL-6 was undetectable in embryo supernatants [52]. However, we should not rule
out that ELISA (with better detection limit: 24.56 pg/ml for Luminex vs. 7-8 pg/ml for ELISA),
may provide a more reliable quantitative analysis of this cytokine which has been found to be
secreted by trophoblast cells [53]. In the case of IGF-I and EGF, these two growth factors were
also undetectable in our experimental conditions. The IGF-I has been reported to promote
blastocyst development [49] and is positively correlated with embryo quality when present in
high concentrations in the follicular fluid [54]. In the case of EGF, this molecule stimulates tro-
phoblast development having a key role in the implantation process [55,56].

Although several soluble molecules were undetectable in the culture medium of murine
embryos, detectable levels were observed for VEGF and PDGF-AA. VEGF is intensely synthe-
sized by blastocysts during embryo development in humans [57] and PDGF-AA has been asso-
ciated to enhanced embryo quality and developmental potential [58]. In our experimental
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conditions, the addition of EV-endMSCs to embryo cell culture triggered the release of these
two growth factors and this release was EV-endMSCs concentration-dependent.

In the case of VEGF, the synthesis of this molecule has been initially described during
embryonic angiogenesis [59] and seems to be the responsible of vascularization in placenta
and decidua when secreted by trophoblastic giant cells [60]. In fact, the angiogenic potential of
exosomes from different origins (human placenta-derived MSCs [61], umbilical cord blood
[62] endothelial cells [63], human-induced pluripotent stem cell-derived MSCs [64] or bone
marrow derived MSCs [65], among others) has been reported. Finally, and similarly to our
experimental conditions, in mouse models, the role of VEGF has been associated with embryo
implantation and embryonic vasculogenesis [66].

Regarding PDGF-AA and embryo development, the first expression analysis demonstrating
the expression of PDGF-AA in embryonic murine cells [67]. This molecule has been linked
with early embryo development and more recently, it has been associated with the regulation
of programmed cell death mediating the fine-tuning formation of the primitive endoderm at
the end of the preimplantation period [68]. In general, PDGF-AA has been defined as a mito-
genic factor driving the proliferation of undifferentiated cells [69] and in later maturation
stages it has been associated with cell differentiation, tissue remodeling, patterning and mor-
phogenesis [70].

Interestingly, even when the effect of human EV-endMSCs was tested on murine embryos,
the embryos increased the secretion of VEGF and PDGF-AA of murine origin. This fact high-
lights that EV-endMSCs exert their effect in a non-species-specific manner and suggest that
the murine model can be a good candidate to further investigate the efficacy of EV-endMSCs
of human origin on these embryos.

To summarize, to the authors’ best knowledge, this is the first report describing the lack of
toxicity and beneficial effect of human EV-endMSCs on embryos of any species. The increased
release of VEGF and PDGF-AA may indicate that the beneficial effect could be mediating not
only an enhanced embryo quality reflected by a significant increase in total cell number per
blastocyst and embryo hatching, but also supporting angiogenesis, vascularization, differentia-
tion and tissue remodeling of the endometrium after embryo hatching in view of the soluble
factors released. These results confirm a beneficial effect of EV-endMSCs in the field of assisted
reproduction and aim to impulse future research in this still underexplored area.

Supporting information

S$1 Fig. Quantification of VEGF and PDGF-AA secreted during embryo culture. VEGF (A)
and PDF-AA (B) concentrations measured by Luminex in experimental samples (box and
whiskers diagrams, corresponding to embryos exposed to different concentrations of EV-
endMSCs) and negative control samples used as background (plot diagrams, corresponding to
culture medium with different concentrations of EV-endMSCs). The means+SD from four
independent experiments are shown.
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1 | INTRODUCTION

Advanced woman age is a poor prognostic factor for fertility in hu-
mans as it decreases egg’s competence and increases the risk of mis-
carriage (Rasool & Shah, 2018). This declined fertility has been linked
to impaired reactive oxygen species (ROS) metabolism, mitochondrial

Contents

Advanced age reduces the success of in vitro fertilization (IVF) being this effect partly
mediated by an overproduction of reactive oxygen species (ROS) that trigger apopto-
sis. It has been demonstrated that extracellular vesicles derived from endometrial
mesenchymal stem cells (EV-endMSCs) exert an antioxidant effect and can be used
as IVF coadjutants. In this work, endMSCs were isolated from human menstrual
blood (n = 4) and characterized according to multipotentiality and surface marker ex-
pression prior EV-endMSCs isolation. Oocytes were obtained from 21 B6D2 mice
(24 weeks) and coincubated with sperm from young males (8-12 weeks). Presumptive
zygotes were incubated in the presence of 0, 10, 20, 40 or 80 pg/ml of EV-endMSCs
in KSOM medium. Blastocyst yield was evaluated, and 25 blastocysts per group were
used for gPCR. Blastocyst rate was 29.4% in control; 45.2% for 10 pg/ml, 62.9% for
20 pg/ml, 55.5% for 40 pg/ml and 53.8% in the 80 pg/ml (n = 124-130 oocytes)
being all the increases significantly different when compared against control
(p < 0.05). The 20-80 pg/ml treatments decreased the expression of glutathione per-
oxidase (Gpx1), and the 10-40 pg/ml treatments reduced the expression of superox-
ide dismutase (Sod1; p < 0.05) compared to control; Bax mRNA expression did not
vary. Our results suggest that the increased developmental competence of the em-
bryos could be partly mediated by the EV-endMSCs’ ROS scavenger activity.

KEYWORDS
animal disease model, extracellular vesicles, IVF, mesenchymal stem cells, gPCR, ROS

dysfunction and apoptosis induction in the aged oocyte (Igarashi
et al., 2016; Miao, Kikuchi, Sun, & Schatten, 2009; Mihalas, Redgrove,
McLaughlin, & Nixon, 2017). Continuous embryo culture in vitro is
known to decrease the embryo developmental competence due to
ROS build-up, being this more evident in aged oocytes. Hence, the
optimization of embryo culture using appropriate animal models could
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help to enhance the efficiency of in vitro fertilization (IVF) cycles
(Highet et al., 2017). Recently, endometrial mesenchymal stem/stro-
mal cells (endMSCs) and their extracellular vesicles (EV-endMSCs) have
been isolated from human menstruation (Khoury, Alcayaga-Miranda,
lllanes, & Figueroa, 2014) and have been shown to exhibit ROS scav-
enger activity (Alcayaga-Miranda et al., 2016). Thus, the aim of the
present work was to evaluate whether EV-endMSCs could be used as
an adjuvant to improve IVF outcomes in aged mice. Furthermore, the
expression levels of Sod1 and Gpx1 in murine embryos were evaluated
as both of them are known to be natural first-line defences against
ROS; in addition, potential changes in Bax expression were also eval-
uated to assess whether EV-endMSCs could potentially ameliorate
apoptosis during embryo culture.

2 | MATERIALS AND METHODS

2.1 | Isolation, in vitro expansion, phenotypical
characterization and multipotentiality of endometrial
mesenchymal stromal/stem cells

Endometrial mesenchymal stromal/stem cells (endMSCs) were iso-
lated from menstrual blood after a written informed consent; all
procedures were approved by the JUMISC Ethics Committee (Ref.
009/17). The endMSCs and EV-endMSCs were isolated and char-
acterized as previously described (see Blazquez et al., 2018 for a
complete protocol). In brief, menstrual blood was centrifuged at
450 x g for 10 min. Pellets were resuspended in DMEM containing
10% foetal bovine serum (FBS), 1% penicillin/streptomycin and 1%
glutamine. Cells were seeded onto tissue culture flasks, expanded at
37°Cin 95% air and 5% CO, atmosphere to 80% confluency and de-
tached using PBS containing 0.25% trypsin (v/v); cells were seeded
again, and culture medium was changed every 3 days. To isolate the
EV-endMSCs, cell culture medium was replaced by DMEM contain-
ing 1% insulin-transferrin-selenium. The endMSCs supernatants
were collected every 3-4 days. These supernatants were firstly
centrifuged and then filtered using a sterile cellulose acetate filters
(0.45 pm followed by a 0.2 pm pore size, Corning, NY, USA). Filtered
supernatants were then concentrated using 3 kDa MWCO Amicon®
Ultra Devices (Merck Millipore, MA, USA) centrifuged at 4,000 x g
for 1 hr at 4°C.

2.2 | Superovulation protocol

B6D2F1 mice superovulation was performed by intraperitoneal
injection of 10 IU of equine chorionic gonadotropin and 10 IU of
human chorionic gonadotropin (hCG) 49 hr apart (Blazquez et al.,
2018).

2.3 | Invitro fertilization

Twenty-four-week-old female mice (n=21) were euthanized
12 hr after hCG administration. Cumulus-oocyte complexes were
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recovered and placed in 500 ul of pre-equilibrated human tubal
fluid (HTF; Merck Millipore, Madrid, Spain) layered with mineral oil.
Two B6D2F1/) males aged 8-12 weeks were euthanized (n = 16)
for each IVF session; epididymal sperm was extracted and capaci-
tated as previously described (Blazquez et al., 2018). The oocytes
were inseminated with 2 x 10° sperm/ml (pooled from both males).
After 6 hr, presumptive zygotes were rinsed in KSOM medium
(Merck Millipore, Madrid, Spain) and transferred to 100 pL drop-
lets of KSOM added with 0, 10, 20, 40 or 80 pg/ml of EV-endMSCs
using previously validated EV-endMSCs dosages in murine embryos
(Blazquez et al., 2018). Follow-up of the embryos was performed for
4 days. Eight different IVF sessions in eight different days were run
and 2-3 females per day used.

2.4 | RNAisolation and reverse transcription

Six independent samples of blastocysts from six different IVF sessions
(n = 25 blastocysts per treatment, 125 embryos in total) cultured with
and without EV-endMSCs (0, 10, 20, 40 and 80 ug/ml) were used. Three
independent groups of blastocysts per experimental condition were
pooled and processed for poly(A) RNA extraction using the Dynabeads
mRNA Direct Extraction Kit (Dynal Biotech, Oslo, Norway), follow-
ing the manufacturer’s instructions (Bermejo-Alvarez, Rizos, Rath,
Lonergan, & Gutierrez-Adan, 2008). The reverse transcription reac-
tion was performed as recommended by the manufacturer (Epicentre
Technologies Corp, Madison, WI, USA).

2.5 | Gene expression analysis

The mRNA expression levels of the selected genes were determined by
real-time quantitative polymerase chain reaction (QPCR) using specific
primers (Table 1). All gPCRs were performed, according to the manu-
facturer’s instructions, using the GoTag qPCR Master Mix (Promega,
Madrid, Spain) coupled to SYBR Green in a Rotor-Gene 6000 Real-Time
Cycler (Corbett Research, Sydney, Australia). For each experimental
group, duplicates of three different cDNA samples were used for all
genes of interest. Melt curve analyses were performed.

Relative expression levels were quantified by the comparative cycle
threshold (AAC;) method (Livak & Schmittgen, 2001; Schmittgen &
Livak, 2008) normalizing the values with the reference gene H2AFZ.

2.6 | Statistical analysis

For gPCR analysis, data were tested for normality using a Shapiro-
Wilk test and compared by a one-way ANOVA followed by multiple
pairwise comparisons using the Tukey test; values are expressed as
mean + standard deviation (SD). Blastocyst rates were compared by
chi-square test with the Yates correction for continuity. The Fisher’s
exact test was used when a value of <5 was expected in any treat-
ment. Statistical analyses were performed using Sigma Plot software
version 12.3 for Windows (Systat Software, IL, USA) or with SPSS
21 software (SPSS, IL, USA); p < 0.05 was considered as statistically
significant.
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TABLE 1 List of primers used in this study

Entrez
gene
symbol

Gene name Accession no.

H2afz H2A histone
family,
member Z

NM_001316995.1

Gpx1 Glutathione
peroxidase 1

NM_001329527.1

Bax BCL2-associ- NM_007527.3
ated X protein
Sod1 Superoxide NM_174615
Dismutase 1
3 | RESULTS

3.1 | Phenotypic profile of endMSCs and EV-
endMSCs characterization

Coinciding with our previous report, endMSCs were negative for
CD31, CD34, CD45 and HLA-DR and positive for the stemness
markers CD29, CD44, CD49d, CD49f, CD56, CD73, CD90 and
CD105. Adipogenic, chondrogenic and osteogenic differentiation
was confirmed by microscopic analysis and stain quantification
(Blazquez et al., 2018). The protein concentration of the enriched
EV-endMSCs was determined by the Bradford assay and ranged
between 350 and 750 pg/ml. The mean size and standard devia-
tion were 153.5 + 63.05 nm. Finally, the EV-endMSCs phenotypi-
cal characterization by flow cytometry demonstrated a positive
expression of the CD9 and CD63 exosome-related proteins.

3.2 | Development to the blastocyst stage

The expanded blastocyst rate increased when EV-endMSCs were
added to the embryo culture medium at any of the dosages tested
(Table 2; p < 0.05).

3.3 | Differential expression of candidate genes

Gpx1 expression was downregulated in the 20-80 pg/ml EV-endM-
SCs dosages while Sod1 expression decreased in the 10-40 pg/ml
dosages when compared against control (p < 0.05); the expression
of Bax did not vary (p > 0.05; Figure 1).

4 | DISCUSSION AND CONCLUSION

Our results show that EV-endMSCs increase the developmental com-
petence of IVF-derived embryos from aged females being the maximum
effect observed for the 20 ug/ml dose. Hence, EV-endMSCs seem to
partially alleviate oocyte ageing as also observed when embryo culture
medium is supplemented with caffeine or nitric oxide (Miao et al., 2009).

Forward primer (5'-3')

AGGACGACTAGCCATGGACGTGTG

GCAACCAGTTTGGGCATCA

AAGCTGAGCGAGTGTCTCCGGCG

GTGCAAGGCACCATCCACTTCG

Product

Reverse primer (5'-3’) length

CCACCACCAGCAATTGTAGCCTTG 209

CTCGCACTTTTCGAAGAGCATA 116

GCCACAAAGATGGTCACTGTCTGCC 361

CACCATCGTGCGGCCAATGATG 309

TABLE 2 Blastocyst rates obtained after embryo culture using
varying doses of EV-endMSCs

Blastocyst
Oocytes rate (Day 4)

Control 126 37 (29.4)°
10 pg/ml 124 56 (45.2)°
20 pg/ml 124 78 (62.9)°
40 pg/ml 128 71 (55.5)°
80 pg/ml 130 70(53.8)°

Embryo development to the blastocyst stage was recorded in the differ-
ent treatments used. The values are presented as total number and (per-
centage); values bearing different letters in the same column differ
statistically from the control (p < 0.05).

3.04 [ Control

3 10 pg/ml
W 20 ug/ml
259 B3 40 pg/ml
&b 80 pg/ml

s

2.04

Relative mRNA expression
4
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N
\
\
\
\
\
\
\
\
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0.0:

Gpx1 Sod1 Bax

FIGURE 1 Relative RNA abundance of candidate genes. Murine
blastocysts were used for RNA quantification (n = 25 embryos/
treatment) of candidate genes related to apoptosis and oxidative
stress. Bars represent mean and SD; values bearing different letters
differ statistically from control (P < 0.05)

Then, we aimed to assess whether the effect of EV-endMSCs on the
embryonic developmental competence was mediated by increased
ROS scavenger defences or inhibition of the intrinsic apoptotic path-
way (Guérin, El Mouatassim, & Ménézo, 2001). Our results suggest that
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EV-endMSCs exert an exogenous ROS scavenger activity during embryo
culture that diminishes the need of the embryo to produce endogenous
glutathione peroxidase 1 and superoxide dismutase 1 in a dose-depend-
ent manner. This hypothesis is also supported by the work performed
by Maitre, Jornot, and Junod (1993) who proposed that intracellular O,
metabolites themselves are the signals that modify the antioxidant en-
zymes gene expression. Coinciding with our findings, EV-endMSCs have
also been shown to diminish angiogenesis in prostate tumour by means
of their ROS scavenger activity (Alcayaga-Miranda et al., 2016), demon-
strating again the therapeutic potential of EV-endMSCs. This is the first
report where EV-endMSCs have been used to improve IVF outcome in
an aged model. EV-endMSCs enhance the developmental competence
of murine IVF-derived zygotes, and this effect seems to be mediated by
their ROS scavenger activity. Other sources of EV like the ones released
from bovine oviductal explants have been demonstrated to enhance
embryo quality (Lopera-Vasquez et al., 2017), and thus, EV-endMSCs
should be also considered as candidates to enrich embryo culture media
in veterinary IVF settings. More research is needed to fully elucidate the
optimal dosages and the mechanisms underlying the observed effect.
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Abstract

Advanced age is a risk factor undermining women'’s fertility. Hence, the optimization of assisted
reproduction techniques is an interdisciplinary challenge that requires the improvement of in vitro
culture systems. Here, we hypothesize that supplementation of embryo culture medium with ex-
tracellular vesicles from endometrial-derived mesenchymal stem cells (EV-endMSCs) may have
a positive impact on the embryo competence of aged oocytes. In this work, 24 weeks old B6D2
female mice were used as egg donors and in vitro fertilization assays were performed using males
from the same strain (8-12 weeks); the presumptive zygotes were incubated in the presence of 0,
10, 20, 40, or 80 pug/ml of EV-endMSCs. The results from the proteomic analysis of EV-endMSCs
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and the classification by Reactome pathways allowed us to identify proteins closely related with
the fertilization process. Moreover, in our aged murine model, the supplementation of the embryo
culture medium with EV-endMSCs improved the developmental competence of the embryos as
well as the total blastomere count. Finally, gene expression analysis of murine blastocysts showed
significant changes on core genes related to cellular response to oxidative stress, metabolism,
placentation, and trophectoderm/inner cell mass formation. In summary, we demonstrate that
EV-endMSCs increase the quality of the embryos, and according to proteomic and genomic analy-
sis, presumably by modulating the expression of antioxidant enzymes and promoting pluripotent
activity. Therefore, EV-endMSCs could be a valuable tool in human assisted reproduction improv-
ing the developmental competence of aged oocytes and increasing the odds of implantation and

subsequent delivery.

Summary Sentence

The supplementation of embryo culture medium with extracellular vesicles from endometrial-
derived mesenchymal stem cells increases the quality of aged embryos.

Key words: embryo culture, stem cells, proteomics, gene expression, oxidative stress, aging.

Introduction

Advanced woman age is one of the most detrimental prognostic
factors for fertility in humans as it decreases egg’s competence.
Nowadays, social, educational, and financial pressures have delayed
motherhood until the final thirties or forties, declining overall fertility
and increasing the risk of miscarriage [1]. When motherhood needs
to be delayed, egg freezing is the assisted reproductive technique of
choice to preserve the oocyte’s quality, but this has to be planned in
advance which is not the most common scenario [2]. In aged women
(>40 years), the use of assisted reproductive techniques is recom-
mended if conception does not occur after 6 months. However,
even when these techniques improve fertilization rates, blastocyst
development is compromised and live births considerably decreased
compared to oocytes” from younger donors [3]. This decline in
fertility has been partly linked to an oxidative stress imbalance in
the aged oocyte resulting in impaired reactive oxygen species (ROS)
metabolism and decreased capacity for protein/DNA repair [4].
Nevertheless, optimization of embryo culture when aged oocytes
are used is a challenge that could enhance embryo development and
quality [5].

Nowadays, adult stem cells are under investigation to improve
the fertilization rates in assisted reproduction. Placental derived mes-
enchymal stem cells (MSCs) are currently under evaluation in a clini-
cal trial for improving implantation rates (Clinicaltrials.gov Identifier
NCT01649752). Moreover, the therapeutic potential of autologous
MSCs is evaluated in women suffering premature ovarian failure
(Clinicaltrials.gov Identifier NCT02062931).

Special attention has been focused on the extracellular vesicles
released by MSCs. They are known to mediate cell-to-cell communi-
cation by means of their specific cargo (RNAs, DNA, lipids, proteins,
cytokines, and growth factors) [6, 7] and are secreted by different
cell types including endometrial and oviductal cells [7-9]. Further-
more, these extracellular vesicles have been used as coadjuvants in
assisted reproduction [10]. Their addition to bovine embryo culture
medium has been found to enhance blastocyst quality [8, 11] and
to improve the quality of homologous embryos through embryo-to-
embryo communication when derived from porcine parthenotes and
bovine embryos [12, 13].

Few years ago endometrial-derived Mesenchymal Stem Cells
(endMSCs) and their extracellular vesicles (EV-endMSC) were iso-
lated from menstrual blood [14] and they were found to alleviate
human hepatic failure by diminishing active caspase 3 and apoptosis

[15], to decrease prostate tumor-induced angiogenesis by modulat-
ing ROS production, diminishing vascular endothelial growth factor
(VEGF) secretion and nuclear factor kappa B activity [16] and to
exert cardioprotective effects through the microRNA miR-21 [17].
EV-endMSCs’ importance in human reproduction has been demon-
strated by the fact that they seem to be involved in the embryo-
maternal interactions [6] and in endometrial receptivity [18].

In view of these reports, and according to previous results from
our group which demonstrated that human EV-endMSCs in embryo
culture medium increased cell proliferation and hatching rates in a
murine model [10], we hypothesize that human EV-endMSCs may
have a beneficial effect on the developmental competence of embryos
derived from aged females mice.

In order to validate this hypothesis, embryo division kinematics
follow-up, blastocyst quality as well as the expression of specific
genes were evaluated in zygotes derived from old mice (24 weeks old)
after addition of EV-endMSCs. Additionally, the proteomic profile
of the EV-endMSCs used for supplementation of embryo culture
medium was characterized and classified using Gene Ontology and
Reactome Pathway Database.

Materials and methods

Isolation and in vitro expansion of endometrial
mesenchymal stromal/stem cells

Endometrial Mesenchymal Stromal/Stem Cells were isolated from
menstrual blood of four healthy women according to previously
described protocols [10]. Samples were collected on day 2 or 3 of
the menstrual cycle in a menstrual cup. Written informed consent
was obtained from all donors under the auspices of the Minimally
Invasive Surgery Centre Research Ethics Committee, which approved
this study. Menstrual blood was diluted 1:2 in PBS and centrifuged at
450 x g for 10 min. Supernatants were discarded in order to remove
cervical mucus debris and cells were re-suspended in Dulbecco’s
Modified Eagle’s medium (DMEM) containing 10% fetal bovine
serum (FBS), 1% penicillin/streptomycin, and 1% glutamine. Cells
were seeded onto tissue culture flasks and expanded at 37°C in 95%
airand 5% CO, atmosphere. Non-adherent cells were removed after
24 h. Adherent cells were cultured to 80% confluency and detached
using PBS containing 0.25% trypsin (v/v). Cells were seeded again
at a density of 5000 cells‘cm?. Culture medium was changed every
3 days.
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Phenotypical characterization and multipotentiality of
endMSCs

For the phenotypic analysis, 2 x 10° endMSCs were stained with
human monoclonal antibodies (mAbs) against CD29, CD44, CD73,
CD90, CD105, CD117, CD14, CD20, CD31, CD34, CD45, CD80,
and HLA-DR using the appropriate concentrations of mAbs in
the presence of PBS containing 2% FBS. The endMSCs and mAbs
were incubated for 30 min at 4°C. Cells were then washed and re-
suspended in PBS. Isotype-matched antibodies were used as negative
controls. The flow cytometric analysis was performed on a FAC-
Scalibur cytometer (BD Biosciences, CA, USA) after acquisition of
10° events. Viable cells were selected using forward and side scat-
ter characteristics and fluorescence was analyzed using CellQuest
software (BD Biosciences, CA, USA). The mean relative fluorescence
intensity was calculated by dividing the mean fluorescent intensity
(MFI) by the MFI of its negative control. The differentiation assays
of endMSCs were performed for 21 days with differentiation specific
media, which was replaced every 3 days. Oil Red O, Alcian Blue,
and Alizarin Red § staining were performed to evidence adipogenic,
chondrogenic and osteogenic differentiation, respectively. Cells were
analyzed at passages 3—4.

Isolation, purification and characterization of
extracellular vesicles derived from endMSCs
Extracellular vesicles derived from endMSCs (EV-endMSCs) were
obtained from endMSCs using a previously optimized protocol [10].
DMEM cell culture medium (product code: L0102, Biowest, Nu-
aillé, France) supplemented by 10% FBS was used for endMSCs
expansion. When cells reached 80% of confluence, it was replaced
by DMEM containing 1% insulin—transferrin-selenium (product
code: 41400045, ThermoFisher Scientific, Waltham, MA, USA).
End-MSCs at passages 4-5 were used for extracellular vesicles iso-
lation. The endMSCs supernatants were collected every 3—4 days
and centrifuged at 1000 x g for 10 min and 5000 x g for 20 min at
4°C. These supernatants were filtered using sterile cellulose acetate
filters. Firstly, with a 0.45 um pore size and secondly with a 0.2
pm pore size (Corning, NY, USA). Filtered supernatants were then
concentrated using 3kDa MWCO Amicon® Ultra Devices (Merck-
Millipore, MA, USA) centrifuged at 4000 x g for 1 h at 4°C. The
concentrated supernatants were stored at —20°C for the subsequent
proteomic analysis and co-incubation with the zygotes.

Prior to in vitro experiments, the protein content of microvesi-
cles was quantified by a Bradford assay (BioRad Laboratories, CA,
USA). The concentration and size of purified extracellular vesicles
were quantified by nanoparticle tracking analysis (NanoSight Ltd,
Amesbury, UK) and analyzed using the particle-tracking analysis
software package version 2.2.

Protein identification by high-resolution liquid
chromatography coupled to mass spectrometry-based
proteomic analyses

The characterization of EV-endMSCs from three different donors
was performed by high-throughput proteomic analysis according
to previously described protocols [19-23]. For proteomic analy-
sis, protein extracts were incubated with trypsin using the Filter
Aides Sample Preparation digestion kit (Expedeon), as previously
described [24]. The resulting peptides were labeled using 8plex-
iTRAQ reagents (Sciex) according to manufacturer’s instructions
and desalted on OASIS HLB extraction cartridges (Waters Corp.).
Half of the tagged peptides were directly analyzed by LC-MS/MS

in different acquisition runs, and the remaining peptides were sepa-
rated into three fractions using the high pH reversed-phase peptide
fractionation kit (Thermo Fisher Scientific). High-resolution LC-MS
analysis of iITRAQ-labelled peptides was carried out on an Easy nLC
1000 nano-HPLC apparatus (Thermo Scientific) coupled to QEx-
active mass spectrometer (Thermo Fisher Scientific). Peptides were
injected onto a C18 reversed phase nano-column (75 pm LD. and
50 cm, Acclaim PepMap100, Thermo Scientific) in buffer A (0.1%
formic acid (v/v)) and eluted with a 180 min lineal gradient of buffer
B (90% acetonitrile, 0.1% formic acid (v/v)). MS runs consisted of
enhanced FT-resolution spectra (140 000 resolution) in the 390-1
500 m/z range and separated 390-700, 650-900, and 850-1500 m/z
ranges followed by data-dependent MS/MS spectra of the 15 most
intense parent ions acquired along the chromatographic run. HCD
fragmentation was performed at 30% of normalized collision en-
ergy. A total of 14 MS data sets, 8 from unfractionated material and
6 from the corresponding fractions, were registered with 42 h total
acquisition time. For peptide identification the MS/MS spectra were
searched with the SEQUEST HT algorithm implemented in Proteome
Discoverer 2.1 (Thermo Scientific). The results were analyzed using
the probability ratio method [25] and the false discovery rate (FDR)
of peptide identification was calculated based on the search results
against a decoy database using the refined method [23]. Peptide and
scan counting was performed assuming as positive events those with
a FDR equal or lower than 1%. Enrichment analysis was performed
by using the DAVID functional annotation database [26, 27].

Reagents
All the reagents were purchased from Sigma-Aldrich (Barcelona,
Spain) unless otherwise stated.

Animals and superovulation protocol

All the experimental procedures were reviewed and approved by
the Ethical Committee of the Junta de Extremadura (CGA/mbr).
B6D2F1 mice were housed under a 12 h light/12 h dark cycle, at a
controlled temperature (19-23°C) with free access to food and wa-
ter. Females were intraperitoneally (IP) injected with 8 IU of equine
chorionic gonadotropin (eCG, Veterin Corion, Divasa Farmavic) fol-
lowed 49 h later by 8 U of IP human chorionic gonadotropin (hCG,
Foligon, MSD) to trigger ovulation.

In vitro fertilization

Twenty four weeks old female mice (n = 24) were euthanized
12 h after hCG administration by cervical dislocation, and cumulus-
oocyte complexes were recovered from oviducts and placed in
500 ul of pre-equilibtrated Human Tubal fluid (HTF; Merck-
Millipore, Madrid, Spain) covered with mineral oil. Two male
B6D2F1/] mice aged 8-12 weeks were euthanized (n = 16) for
each IVF day by cervical dislocation and were ventrally dissected
to remove the cauda epididymis. Once located, the epididymis and
attached vas deferens were sectioned and transferred to two differ-
ent a Petri dishes containing 500 ul of pre-equilibrated HTF covered
with mineral oil. Spermatozoa were obtained by gently pressing the
cauda epididymis through the vas deferens and were allowed to ca-
pacitate for 45 min at 37°C in a 5% CO,/95% air atmosphere at
100% humidity. At the end of the incubation, sperm concentra-
tion was measured using a Makler chamber (Irvine Scientific, CA,
USA). The pool of cumulus-oocytes complexes obtained from all
the females were released from the ampullas into a petri dish con-
taining 500 pl of equilibrated HTF covered with mineral oil. Then,
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the oocytes were inseminated with 2 x 10% sperm/ml pooled from
both males (0.5 x 10° total sperm from each male); gametes were
co-incubated for 6 h, and the presumptive zygotes were washed
in 500 ul of clean KSOM medium after co-incubation (Merck-
Millipore, Madrid, Spain). Then, zygotes were randomly allocated
to 100 ul droplets of KSOM supplemented with 0, 10, 20, 40, or 80
jg/ml of EV-endMSCs and cultured until they reached the expanded
blastocyst stage (4 days). Eight different IVF sessions in eight differ-
ent days were run and 3 females (n = 24) and 2 males (n = 16) per
day were used. Moreover, in order to show the differences between
aged and non-aged oocytes in parallel with supplementation of EVs,
we performed IVF on young B6D2 female mice (8-12 weeks, n = 3).
These IVF sessions were performed in accordance with the protocol
used for the aged mice using plain KSOM as embryo culture.

Total cell number

The number of cells in an embryo is a well-known indicator of
embryo quality [28]. Therefore, to further evaluate embryo qual-
ity, some of the expanded blastocysts obtained were fixed in 4%
formaldehyde in PBS added with 0.01% of polyvinyl alcohol (PVA;
w/v) at 4°C for 12 h and stained with 2.5 pg/ml of Hoechst 33342
(Eugene, OR, USA) in PBS added with PVA for 10 min at 37°C.
Then, the blastocysts were mounted on glass slides with glycerol,
covered with coverslips and sealed using nails polish. The embryos
were then visualized using a fluorescence microscope (Nikon Eclipse
TE2000-S) equipped with an ultraviolet lamp. Cell number was ana-
lyzed using the Fiji Image-] Software (1.45q, Wayne Rasband, NIH,
USA).

RNA isolation and reverse transcription

Six independent samples of embryos cultured with and without
EV-endMSCs (n = 25 expanded blastocysts per treatment) under
each experimental condition (10 pg/ml, 20 pg/ml, 40 pg/ml, and
80 pg/ml of EV-endMSCs; n = 25 embryos/treatment) were used.
Three independent groups of 8-9 embryos at blastocyst stage
per experimental group were pooled and processed for poly(A)
RNA extraction. Poly(A) RNA was extracted using the Dynabeads
mRNA Direct Extraction Kit (Dynal Biotech, Oslo, Norway)
following the manufacturer’s instructions with minor modifications
as described by Bermejo-Alvarez and coworkers [29]. After 5 min
of incubation in lysis buffer and another 5 min with lysis buffer and
Dynabeads, poly(A) RNA attached to the Dynabeads was extracted
with a magnet and washed twice in washing buffer A and washing
buffer B. RNA was then eluted with 10 mM Tris-HCI, pH 7.5.
Immediately after extraction, the reverse transcription (RT) reaction
was performed as recommended by the manufacturer (Epicentre
Technologies Corp, Madison, W1, USA). Briefly, oligo-dT (0.2 M)
and random primers (0.5 M) were added to each RNA sample and
were heated for 5 min at 70°C to denature the secondary RNA struc-
ture. Next, the tubes were incubated at 25°C for 10 min to promote
the annealing of the primers. Then, the RNA was reverse-transcribed
for 60 min at 37°C in a final volume of 40 uL containing 0.375 mM
dNTPs (Biotools, Madrid, Spain), 6.25 U RNasin RNAse inhibitor
(Promega), 10 x MMLV-RT buffer with 8 mM dithiothreitol and
5 U MMLV high performance reverse transcriptase (Epicentre
Technologies Corp, Madison, WI, USA), followed by incubation at
85°C for 5 min to inactivate the RT enzyme.

Gene expression analysis

The mRNA expression levels of the selected genes were de-
termined by real-time quantitative RT polymerase chain reac-
tion (qQRT-PCR) using specific primers designed with Primer-
BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast/) to span
exon-exon boundaries when possible. Primers (Table 2) were previ-
ously validated for adequate primer efficiency; the specificity of their
PCR products was confirmed by electrophoresis on a 2% agarose
gel. All target genes showed efficiencies between 97 and 100% and
correlation coefficients close to 1.0.

All PCR reactions were performed in a final volume of 20 uL,
containing 0.25 mM of forward and reverse primers, 10 uL
of GoTaq qPCR Master Mix (Promega) with SYBR Green as
double-stranded DNA-specific fluorescent dye, and 2 uL of each
¢DNA sample using a Rotorgene 6000 Real Time Cycler (Corbett
Research, Sydney, Australia). For each experimental group, three
different cDNA samples were used in two repetitions for all genes of
interest. The PCR program consisted of an initial denaturalization
step at 94°C for 2 min, followed by 35 cycles of denaturalization
at 94°C for 10 s, annealing at 56°C for 30 s, extension at 72°C for
15 s and 10 s of fluorescence acquisition defined for each primer.
At the end of each PCR run, melt curve analyses were performed
for all genes to ensure single product amplification and exclude the
possible interference of dimers.

Values were normalized using as housekeeping gene H2A his-
tone family, member Z (H2afz) that was tested in previous studies
[30]. Relative expression levels were quantified by the comparative
cycle threshold (AACT) method [31]. Fluorescence was acquired
in each cycle to determine the threshold cycle during the log-linear
phase of the reaction at which fluorescence increased above back-
ground for each sample. According to the comparative CT method,
the ACT value was determined by subtracting the mean CT value
of the housekeeping gene for each sample from each gene CT value
of the sample. Calculation of AACT involved using the highest sam-
ple ACT value (i.e. the sample with the lowest target expression) as
an arbitrary constant to subtract from all other ACT sample val-
ues. Fold changes in the relative gene expression of the target were
determined using the formula 2-AACT [32].

Internalization assay

To analyze the uptake of the EV-endMSCs by the embryos, the ex-
tracellular vesicles were stained with 2% of SYTO RNA Select green
fluorescent cell stain (Thermo Fisher Scientific) at 37°C for 30 min.
PBS without exosomes added with 2% of SYTO RNA Select green
fluorescent cell stain was used as control. To remove the remaining
dye, all the samples (including the control PBS) were centrifuged
on exosome spin columns (MW 3000, Thermo Fisher Scientific) ac-
cording to manufacturer’s instructions. Exosomes concentration was
indirectly measured in a Bradford assay. Finally, after IVF, 25 murine
zygotes were co-cultured with labeled EV-endMSCs at different con-
centrations or stained with PBS as negative control. Internalization
(green fluorescence) was confirmed by fluorescent microscopy. Ad-
ditionally, embryos were stained with 2.5 mg/ml of Hoechst 33342
(Eugene, OR, USA) for 10 min at 37°C to visualize DNA.

Statistical analysis

For total cell number and gene expression analysis, data were
tested for normality using a Shapiro-Wilk test; results are re-
ported as mean + standard deviation (SD). Groups were com-
pared using a one way ANOVA due their Gaussian distribution and
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Table 1. Reactome functional annotation of EV-endMSCs proteins. Proteins were classified and subsequently analyzed according to their
involvement in crucial pathways related to in vitro fertilization and embryo implantation. Selected pathways were Metabolism (R-HSA-
1430728) (n = 114 identified proteins), Developmental biology (R-HSA-1266738) (n = 74), and Cellular response to oxidative stress (R-
HSA-2262752) (n = 23). Color scale represents the protein abundance according to total peptide counting from LC/MS analyses. Additional
information regarding LC/MS protein identification is displayed in Supplementary Table S1.

Metabolism Developmental Biology ?:(Iilc;‘:i:/;e:tp: :2:7;?

(R-HSA-1430728) (R-HSA-1266738) HSA2262752)
A2M CD44 MYH9 TUBA1B P4HB
AGRN CBR1 COL6A3 DPYSL2 MMP3
LRP1 GLO1 COL3A1 PSMA5 TPM1
ENO1 FH l vcL MYH11 HSPA1B g
P4HB PSME1 FN1 CFL1 TXNRD1 g
IQGAP1 UBAS52 COL5A2 SEMA7A ANXA1 g
HSPG2 RBP1 MMP2 PDGFRB GSTP1 g
TKT PSMA2 LAMB1 PSMA4 PRDX1 Z
ALDH1A1 TCN2 COL6A1 PSMA6 CST3 <
PSAP PSME2 AGRN ACTR3 PARK?7 8
LUM PGLS MSN CAP1 TXN 3
GPI PSMA3 LAMCA PSME1 SoD3 2
LDHA PSMA1 COL5A1 UBA52 APEX1 g
TXNRD1 RPLP2 TLN1 PSMA2 SOD2 g
VCAN CTGF IQGAP1 PSME2 PDGFD 3
LDHB CMPK1 SPTAN1 SPTBN1 AXL g
NT5E PSMB1 HSPA8 PSMA3 PRDX5 z
GPC1 GSTO1 MYH10 PEA15 SOD1 s
ATP5B PSMB4 EZR PSMA1 PRDX2 =
ALB ALDOC ALCAM PEBP1 PDGFRA 3
MDH2 ADH5 CDH2 PSMB1 PTPRK 3
EXT2 ME1 COL6A2 PSMB4 PRDX6 2
PGK1 HK1 GPC1 COL2A1 CYEs c
PSAT1 PGD ACTB PSMB3 2
NAGLU DDAH2 AP2B1 PSMB7 2
HEXA GAPDH NRP1 PDGFRA 8
AP2B1 GOT2 NEO1 ARPC4 z
ALDOA PSMB3 ITGB1 FABP4 R
BGN MARCKS HSP90AA1 MYL9 =
IDH1 GLRX YWHAB PDLIM7
TPI1 NME1 PFN1 PSMB9
HSPY0AAT MAN2B2 PSMA7 MYH14
CNDP2 GALNS MYL6 SEMA3A
LTA4H RPLP1 ACTR2 ACTN2
HEXB PSMB7 ARPC2 PRNP
PSMA7 GM2A MYL12A sbc2
GSTP1 FABP4 HSP90AB1 PLXNC1
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Table 1. Continued

Metabolism Developmental Biology ?:ili:;‘ijalii:/;e:tﬁggz‘z;?
(R-HSA-1430728) (R-HSA-1266738) HSA-2262752)

PCSK9 GC
GSS PSMB9
PTGDS ENO3
PSMA5 RPL12
PGAM1 SDC4
EXT1 FDPS
MDH1 CYCS
BTD DB
DCN ACP5
KPNB1 FABP5
MANBA PGK2
TXN RPS28
GBET1 PGAM2
GNS SDC2
APOE HBB
B4GAT1 APOA1
PSMA4 SDC1
SEC23A NME2
PSMAG PRSS1
TALDO1 CKM

Protein abundance
(based on peptide counting)

[ T
- +

(1) (100)

homoscedasticity. When statistically significant differences were
found, a Bonferroni post-hoc test was used to compare pairs of
values in the blastomere count experiment, while for the expression
of candidate genes, the ANOVA was followed by multiple pairwise
comparisons using the Tukey method. Blastocyst rates were com-
pared among groups by Chi-square test with the Yates correction
for continuity. The Fisher’s Exact Test was used when a value of
less than 5 was expected in any treatment. Statistical analyses were
performed using Sigma Plot software version 12.3 for Windows (Sy-
stat Software, IL, USA) or with SPSS-21 software (SPSS, IL, USA);
P < 0.05 was considered as statistically significant.

Results

Characterization of endMSCs and EV-endMSCs
The characterization of endMSCs and EV-endMSCs has been pre-
viously published by our group [10, 33]. The phenotypical analysis

evidenced that endMSCs were positive for CD29, CD44, CD73,
CD90, CD105, and CD117, and negative for CD14, CD20, CD31,
CD34, CD45, CD80, and HLA-DR. The differentiation potential
of these cells toward adipogenic, chondrogenic, and osteogenic lin-
eages was confirmed by selective staining and microscopic analysis
after co-culture with differentiation specific media. Regarding EV-
endMSCs, the nanoparticle tracking analysis showed that the mean
size of the vesicles was 153.5 + 63.05 nm, while their concentration
was 3.31 x 10" + 3.8 x 10° particles/ml. Additionally, the anal-
ysis of CD9 and CD63 by flow cytometry demonstrated a positive
expression of these exosomal markers.

High-throughput proteomics analysis of EV-endMSCs

This proteomic analysis allowed us to identify a wide range of pro-
teins in EV-endMSCs (n = 1802). The relative abundance of each
protein, represented in Table 1, was estimated in accordance to the
peptide counting from LC/MS analyses and was quantified by means
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lysis on EV-endMSCs. Protein ex-

ghput p! Y

Figure 1. High-th

tracts from EV-endMSCs were p d by high-resolution liquid chro-
matography coupled to mass spectrometry-based proteomic analyses.
The f i enri lysis was performed by Reactome Pathway

Database in the most representative proteins identified (n = 580). The Venn
diagram shows unique and overlapped proteins in these three Reactome
pathways.

of the intensities of iTRAQ reporters which were used to tag the pep-
tides of each sample. Reporter ion intensities of each protein were
normalized to the total ion intensity of the sample dataset. Func-
tional analysis according to the Gene Ontology annotation database
[34, 35] was performed with the most representative proteins identi-
fied, accordingly to their abundance (n = 580), considering negligible
proteins with abundance lower than 0.005%.

First, the protein data set was classified according to the “cellu-
lar component™ annotation. In this analysis, a total of 395 proteins
were classified as “Extracellular Vesicles” (GO:1903561 P < 0.01,
5% FDR; data not shown). In a subsequent analysis using the Reac-
tome Pathway Database [36], we sorted out the proteins according
to their involvement in crucial pathways related to fertilization and
embryo implantation. Some interesting Reactome pathways were:
Metabolism (R-HSA-1430728; n = 114 proteins), Developmental
biology (R-HSA-1266738; n = 74 proteins), and Cellular response to
oxidative stress (R-HSA-2262752; n = 23 proteins). Figure 1 shows
the Venn diagram with unique and overlapped proteins among these
three Reactome pathways. Additionally, Table 1 lists the proteins
identified and classified in the aforementioned Reactome categories.
Of note, 45 out of 114 proteins identified in the Metabolism path-
way were also classified by Gene-Ontology in the Immune System
Process (GO:0002376). Similarly, 26 out of 114 were involved in
the Regulation of Cell Differentiation (GO:0045595). Furthermore,
the number of identified peptides (peptide counting) for each pro-
tein together with the Gene name, UniProt Accession Code and
the Reactome Pathway it belongs are listed in the Supplementary
Table S1.

Development to the blastocyst stage and total cell
number count

EV-endMSC addition to the embryo culture medium did not influ-
ence embryo division at days 1 and 2 of culture compared to control
(Table 3; P > 0.05). However, when the embryos reached the morula
stage (day 3), the 20 pug/ml and 80 pg/ml dosages of EV-endMSCs
significantly enhanced the percentage of embryos that developed in
culture compared to control (Table 3, P < 0.05). Our results showed
that the blastocyst rate after 4 days of culture significantly increased
when EV-endMSCs were added to the embryo culture medium at
any of the dosages tested (Table 3; P < 0.01). Interestingly, the max-
imum blastocyst yield was observed for the 20 pg/ml dose (62.9%
blastocyst rate) compared to the control (29.4%) at day 4 of culture.

In parallel, expanded blastocyst total cell number significantly
increased for all the EV-endMSCs dosages tested varying from
32.4 + 12.9 blastomeres per embryo (mean =+ SD) in the control
group to 48.5 + 14.4 for the 40 pug/ml, being this the maximum
value obtained (Figure 2; P < 0.05).

In order to emphasize the differences in developmental
competence and kinematics of embryos obtained from young
and aged female mice, new IVF assays were performed in
8-12 week-old females in absence of EV-endMSCs. In our exper-
imental conditions, the blastocyst rate in young females reached
89.6%, which was consistently higher than the percentages obtained
in aged females (supplementary Table S2). To highlight the marked
age-dependent differences found in IVF outcomes, a chi-square test
was performed to compare the developmental competence and em-
bryo kinematics of young (8-12 weeks) vs. aged (24-26 weeks) B6D2
females. As it can be observed in the Supplementary Table S2, blas-
tocyst development was severely compromised with increasing age
in our B6D2 females at all the stages studied.

Differential expression of embryo-related genes
The gene expression analysis was performed by quantitative PCR
in blastocysts at day 4 of culture. Based on the proteomic analysis,
several candidate genes were selected according to their involvement
in the following Reactome categories: Metabolism (acetyl-coenzyme
A carboxylase alpha —Acaca-, glyceraldehyde-3-phosphate dehydro-
genase —Gapdh-), Cellular response to oxidative stress (glutathione
peroxidase 1 -Gpx1-and superoxide dismutase 1-Sod1-), and Devel-
opmental biology (placental growth factor -Pgf-, VEGF A —Vegfa-,
POU domain, class 5, transcription factor 1 -Pou5f1- and sex de-
termining region Y-box 2 -Sox2-). These four genes were also sub-
classified according to their involvement in placentation (Pgf, Vegfa)
and trophectoderm/inner cell mass formation (Pou5f1 and Sox2).

When compared against control, the relative RNA abundance for
Gpx1 was downregulated in the 20-80 pg/ml EV-endMSCs while
Sod1 expression was consistently lower in the 10-40 pg/ml doses
(P < 0.05). Relative Vegfa and Gapdh expression increased at all the
EV-endMSCs doses used compared to control (P < 0.05) except for
the 80 pg/ml dose which did not differ from the non-EV-endMSCs
added treatment (P > 0.05). Sox2 expression was upregulated for
the 10, 20, and 40 pg/ml dosages compared to control (P < 0.05),
while its expression did not change when EV-endMSC at 80 pg/ml
were added (P > 0.05; Figure 3).

In addition, the relative RNA abundance of Acaca, Pgf and
Pouf51 did not vary despite EV-endMSC supplementation (P > 0.05;
Figure 3).
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Table 2. List of primers.

Product
length

Reverse primer (5'-3')

Forward primer (5'-3')

Accesion no.

Gene name

Ehtrez gene symbol

209
116
100

CCACCACCAGCAATTGTAGCCTTG

CTCGCACTTTTCGAAGAGCATA

AGGACGACTAGCCATGGACGTGTG

GCAACCAGTTTGGGCATCA

NM_001329527.1

NM_001271705.1

NM_001316995.1
NM_009505

H2A his tone family, member Z

Glutathiones peroxidase 1

H2ajz
Gpxl
Pgf

CCGTAGCTGTACCACGAAGA

CTCTCTGGAACACAGGCAGA

Placental growth factor

94
175
159
206

361

TTTACACGTCTGCGGATCTTG

CACAGCAGATGTGAATGCAG

Vascular endothelial growth factor A
acetyl-Coenzyme A carboxylase alpha

Vegfa
Acaca
PouSfl
Sox2
Bax

GGCCAAACCATCCTGTAAGC
GCTTAGCCAGGTTCGAGGAT

AAACCAGCACTCCCGATTCAT
TAGGTGAGCCGTCTTTCCAC

XM_011248666.1

NM_013633

POU domain, class 5, transcription factor 1

TGCTGCGAGTAGGACATGCTGTAGG
GCCACAAAGATGGTCACTGTCTGCC
TGTAGACCATGTAGTTGAGGTCA
CACCATCGTGCGGCCAATGATG

GCTCCACCGCGGCAGTCACC

GCACATGAACGGCTGGAGCAACG
AAGCTGAGCGAGTGTCTCCGGCG

AGGTCGGTGTGAACGGATTTG

NM_011443.4

NM_007527.3

BCL2-associated X protein

122
309
277

NM_001289726.1
NM_174615
BC023815.1

Qyceraldehyde-3-phosphate dehydrogenase

Superoxide dismutase 1

Gapdh
Sodl

GTGCAAGGCACCATCCACTTCG
CTTCTGGTCGCACGGGAAGG

Growth arrest and DNA damage inducible alpha

Gadd45a

EV-endMSCs uptake

Fluorescent labelling of EV-endMSCs allowed us to confirm that
these vesicles are effectively internalized by the embryos after
24 h of co-culture. The absence of fluorescence in the negative con-
trol demonstrated that non-specific fluorescence was not interfering
with the fluorescence observed from the labeled EV-endMSCs. Based
on the fluorescence analysis, we demonstrated that EV-endMSCs
co-cultured with murine embryos at different concentrations were
rapidly internalized (Figure 4).

Discussion

In the present study, we demonstrate that extracellular vesicles re-
leased from human endometrial MSCs can be used as an embryo
culture supplement to partially recover the developmental compe-
tence of aged oocytes. In our setting, not only the developmental
competence of the embryos was improved (Table 3), but also the
total blastomere count (Figure 2). This is in accordance with the re-
port of Qu et al., who demonstrated that bovine embryos subjected
to somatic cell nuclear transfer produce exosomes that enhance the
development to the blastocyst stage as well as their quality [13].

Even when embryo culture conditions have lesser influence on the
developmental potential of the early embryo than the initial oocyte
quality [37], our results in an aged murine model demonstrate that
EV-endMSCs enhance the developmental competence as well as the
quality of the embryos produced. These results may have discrep-
ancies with former reports in mice and bovine where addition of
extracellular vesicles did not enhance the embryo’s developmental
competence [8, 10, 11]. However, it is important to note that, in
our previous report [10], these EV-endMSCs were co-cultured with
two-cell embryos retrieved from young females (aged 8-12 weeks),
which have a notably superior developmental competence than the
aged murine model used in the present work. This consideration can
also be confirmed by our results regarding the developmental compe-
tences of zygotes retrieved from young and aged females (Supplemen-
tary Table S2). As expected, in absence of the EVs supplementation,
embryos from young female mice exhibited significantly higher de-
velopmental competence when compared to the embryos from aged
females. Hence, naturally aging mice can be considered important
models for the investigation of occurring declines in reproductive
capacity and impaired viability of the oocyte [38].

In the case of the bovine species [8, 11], embryo culture medium
was enriched with homologous oviductal extracellular vesicles and
the reduced developmental competence of in vitro matured oocytes
could not be overcome when these vesicles were used. This diver-
gence can be explained not only by the molecular differences that
may exist between human EV-endMSCs and bovine oviductal ex-
tracellular vesicles, but also by the inherent reduced developmental
competence of bovine oocytes harvested in prophase I [39].

On the other hand, MSCs have been previously used for embryo
culture in porcine, bovine, and murine models; even when contra-
dictory results have been reported, it has been proposed that MSCs
secrete growth factors that may have a positive impact during em-
bryo culture enhancing embryo quality [40-42].

Next, in order to further understand the mechanisms involved
in the beneficial effects of EV-MCs on the embryo development,
a high throughput proteomic analysis was performed in these EV-
endMSCs. First, the most abundant identified proteins were classified
according to specific Reactome pathways which are closely related
with the fertilization process: Metabolism (a total of 114 proteins),
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Table 3. Embryo division kinematics and blastocyst rate. Murine oocytes from aged females (24 weeks old) were subjected to IVF and the
number of oocytes used as well as their embryo division dynamics was recorded at days 1 to 4 of embryo culture. All values are presented
as total number and (percentage); values bearing different letters in the same column differ statistically from the control (P < 0.05).

2 cells 8 cells Morula Blastocyst
Qocytes (day 1) (day 2) (day 3) (day 4)
Control 126 93 (7.38) 82 (65.1) 71(56.3)" 37 (29.4)
10 peg/ml 124 98 (79) 95 (76.6) 83 (66.9)* 56 (45.2)°
20 pg/ml 124 102 (82.3) 96(77.4) 95 (76.6)° 78 (62.9)°
40 pg/ml 128 97 (75.8) 88 (68.8) 86 (67.2) 71 (55.5)°
80 pug/ml 130 104 (80) 100 (76.9) 93 (71.5)> 70 (53.8)°
70+
b b b 2
604
50
- a
c
3
8 407
3
o
w 304
3
[
204
10
- Control 10 pg/ml 20 pg/mi 40 pg/mi 80 ug/mi

Figure 2. Total cell number of murine blastocysts cultured in presence or absence of EV-endMSCs. Total cell number of the expanded blastocysts was obtained
after Hoechst 33342 staining and subsequent evaluation by fluorescence microscopy. For each treatment, the individual blastomere count is represented; the
number of embryos evaluated were 15 for control, 24 for the 10 g/ml treatment, 31 for the 20 ;.g/ml treatment, 38 for the 40 ;g/ml treatment, and 31 for the
80 ;ug/ml treatment. Bars show the mean + SD. All the treatments differ statistically from the control (P < 0.05).

Developmental biology (a total of 74 proteins), and Cellular response
to oxidative stress (a total of 23 proteins; Table 1).

Some of the most abundant proteins found in our proteomic
analysis deserve better investigation. For example, fibronectin (FN1)
was reported to be essential for embryogenesis, from the two-cell
stage to tissue morphogenesis [43-46]. Vinculin (VCL) and alpha2
macroglobulin (A2M), other abundant proteins found in our anal-
ysis, were established to be important during early development
[47, 48]. Moreover, A2M as well as matrix metalloproteinase-3
(MMP-3) and agrin (AGRN) were related to implantation [49-51].
In addition, matrix metalloproteinase -2 (MMP-2) and laminin beta
1 (LAMB1) were associated to the developing human embryo and
the early phases of human pregnancy [52, 53].

Interestingly, the proteomic analysis revealed the presence of four
different insulin-like growth factor-binding protein (IGFBP) isoforms
(-4,-5,-6,-7) in all EV-endMSCs samples. The presence of these pro-
teins is relevant considering that previous reports have demonstrated
that the addition of IGFBP to embryo culture medium protects the
inner cell mass from apoptosis and increases mitochondrial mem-
brane potential in oocytes [54]. Our proteomic analysis has also
demonstrated a very high abundance of serum albumin (the fourth

in terms of absolute quantification), which is largely used for the
supplementation of commercial media in IVF [55] and has been re-
ported to alleviate ROS production in vitro in neurons and sperm
156, 57].

To further confirm if the proteomic results can, at least in part,
explain the improvement in the developmental competence and em-
bryo quality, gene expression analysis in the resulting blastocysts
was performed on core genes related to Cellular response to oxida-
tive stress, Metabolism, Placentation, and Trophectoderm/inner cell
mass formation.

Regarding the cellular response to oxidative stress category, pre-
vious studies have evidenced that one of the main constraints blunt-
ing the developmental competence of aged oocytes relies on their
reduced ability to counteract ROS [58]. Furthermore, a recently
published report from Mihalas et al., has demonstrated that imma-
ture aged oocytes undergo a decrease in proteasome activity when
subjected to an oxidative environment leading to the accumulation
of damaged and/or dysfunctional proteins contributing to the age-
dependent drop in oocyte quality [59].

Interestingly, the expression of Sodl (as well as Gpx1) con-
sistently decreased at the 20 and 40 pg/ml EV-endMSCs dosages
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Figure 3. Relative mRNA expression of candidate genes. Relative mRNA levels of candidate genes related to the proteome categories cellular response

to oxidative stress, metabolism, and developmental biology (n = 25 embryos/treatment). Bars represent mean + SD; values bearing different letters differ
statistically from the control (P < 0.05).
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Figure 4. Internalization of EV-endMSCs by the embryos. EV-endMSCs were labeled with SYTO RNA select green fluorescent cell stain and co-cultured at different
concentrations with embryos for 24 h. Additionally, embryos were stained with Hoechst to visualize DNA. The figure shows representative images of an embryo
co-cultured with EV-endMSCs at 80 pg/ml (E, F, G, H). Representative images of the control (embryos co-cultured with stained PBS) are also shown (A, B, C,
D). A and E: bright field microscopy showing a representative embryo. B and F: visualization of Hoechst fluorescence under fluorescence microscopy. C and G:
visualization of SYTO RNA Select fluorescence under fluorescence microscopy. D: merged image of A, B and C. H: merged image of E, F and G.

coinciding with the highest embryo yields obtained in the present at the pre-transcriptional level, and the transcripts are translated
work (Figure 3 and Table 3). The diminished expression of Gpx1 and to produce active enzymes [61]. Moreover, it was postulated that
Sod1 suggests that EV-endMSCs exert an exogenous ROS scavenger embryo’s defense against ROS depends the intracellular ROS levels
activity during embryo culture (Figure 3). As a matter of fact, a good that trigger the expression of antioxidant genes as demonstrated in
correlation between mRNA, proteins, and antioxidant enzyme ac- human umbilical vein endothelial cells [62] and mouse zygotes [63].
tivities in rat embryos subjected to diabetic environment has already It has to be noted that, in our work, EV-endMSCs were added to
been demonstrated [60]. In the pre-implantation embryo, antioxi- zygotes. In view of all the previous literature and considering that
dant enzymes (including SOD1 and GPX1) are primarily regulated major gene activation occurs in the 2-cell embryo, if less Sod1 and
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GpxImRNA is found in the embryos, it is likely that lower ROS
levels are triggering their expression. Agreeing with our findings,
but in the setting of prostate tumors, EV-endMSCs have also been
shown to diminish angiogenesis in tumoral cells by means of their
ROS scavenger activity [16], demonstrating again the ROS scavenger
potential of EV-endMSCs is an unexplored scenario.

Additionally, the expression levels of Pou5f1 and Sox2 were also
analyzed. The gene Pou5f1 is a homeodomain transcription factor
of the POU (Pit-Oct-Unc), family that encodes the OCT4 protein.
This protein has been shown to be a critical regulator of cellular
pluripotency in murine embryos [64]. Additionally, the transcrip-
tion factor SOX2 forms a complex with OCT4 and participates in
the maintenance of self-renewal of the pluripotent inner cell mass,
being essential for the formation of the trophoectoderm in the preim-
plantation embryo [65]. Our results demonstrate that the expres-
sion of PouSf1 did not vary between treatments but the expression
of Sox2 raised for the 10-40 pg/ml EV-endMSCs dosages coin-
ciding with the maximum blastocyst rates and total cell number
(Table 3 and Figure 3). It is known that morulae developed from
Sox2-/- zygotes get arrested at this stage and fail to cavitate [65]
and form a proper inner cell mass [66]; in addition, rescue experi-
ments using cell-permeant SOX2 protein result in increased blasto-
cyst rate and restoration of SOX2 protein levels in murine blastocysts
knock-down of Sox2 using short interfering RNA [65]. Hence, the
increased expression of Sox2 together with the enhanced develop-
mental competence and cell number of our embryos further corrob-
orate the boosting effect on embryo quality mediated by EV-MSCs
supplementation.

Regarding to metabolism-related genes, it has been demonstrated
that fully pluripotent stem lines exhibit higher ATP levels compared
with initial pluripotent stem cells [67]. These observations are coin-
cident with the increased Gapdh expression and increased total cell
number observed in our embryos for the 10-40 pg/ml EV-endMSCs
dosages. It is widely known that GAPDH activity is involved in the
glycolytic pathway triggering the conversion of glyceraldehyde-3-
phosphate to 1,3-diphosphoglycerate to provide energy in the form
of ATP. Hence, the increased expression of Sox2 in our aged murine
model suggests that firstly, EV-endMSCs increases the quality of the
embryos through the self-renewal of the pluripotent inner cell mass
and the establishment of the trophectoderm lineage [65]. Secondly,
the increased expression of Gapdh suggests an increase of embryo
quality through the enhancement of metabolism during embryonic
development.

Conversely, our results did not show significant differences in
the expression levels of the Acaca gene, suggesting that fatty acid
metabolism is not affected by EV-endMSCs supplementation to the
embryo culture medium.

Aside from quality-related genes and metabolism-related genes,
we aimed to determine if the produced embryos could poten-
tially exhibit higher implantation ability. Our experiments revealed
that Vegfa consistently increased when EV-endMSCs were added
at the 10-40 pg/ml dosages. Previous reports have demonstrated
that mouse-derived embryos treated with either recombinant human
VEGF, or VEGF isoforms 121 and 165, exhibit higher embryo devel-
opment with quicker cavitation, increased blastomere number, im-
proved implantation rates, and fetal limb development compared to
controls [68]. Furthermore, recent findings from our research group
have demonstrated that murine embryos exposed to EV-endMSCs
exhibit higher VEGF and PDGF-AA release, confirming the results
of the present study [8]. Therefore, the addition of EV-endMSCs to
IVF-derived murine zygotes obtained from aged females increased

the quality of the embryos, presumably due to their ROS scavenger
and pluripotent-promoting activity. Furthermore, in light of the pre-
viously mentioned reports it is tempting to speculate that the result-
ing embryos may also exhibit higher implantation potential.

To the authors’ best knowledge, this is the first report describing
the proteomic profiling of EV-endMSCs based on Reactome path-
ways. Moreover, our in vitro assays have demonstrated their ther-
apeutic potential to rescue the developmental competence of aged
oocytes in a murine model. Hence, their beneficial effect should be
taken in account as it may be a valuable tool in human ARTs im-
proving the efficiency of the current techniques and increasing the
odds of implantation and subsequent delivery.

Supplemental data
Supplementary data are available at BIOLRE online.

Supplementary Table S1. Proteins identified in EV-endMSCs LC/MS
analyses at 1% FDR (n = 1802). Protein descriptions, UniProt ac-
cession codes and the corresponding genes names (N/A means “Not
assigned”) are displayed. Np refers to the number of peptides iden-
tified for each protein. The FDR for peptide identification was set
at 1%. Green symbols indicate those proteins annotated within the
Reactome pathways discussed on the text (Table 1).

Supplementary Table S2. Developmental competence of embryos de-
rived from young and aged B6D2 females. The initial number of two
cell embryos used, as well as blastocyst rates in % is provided. Values
bearing different letters in a column differ statistically (P < 0.001).
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