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Resumen

El hueso es un tejido dinamico que se renueva constantemente para
garantizar el correcto desempeno de sus funciones. Este proceso de renovacion
continua es lo que se conoce como remodelado 0seo, y es llevado a cabo por un
complejo sistema de comunicacion intercelular en el que los osteoclastos
degradan matriz 6sea que posteriormente es reemplazada por nueva matriz
producida por los osteoblastos. La correcta ejecucidn y coordinacion del
remodelado 6seo es fundamental para el mantenimiento de la homeostasis del

hueso, y la alteracion en este proceso conlleva cambios en la arquitectura osea.

En la osteoporosis, este balance se ve alterado, en parte debido a una
disminucién de la diferenciacion de las células madre mesenquimales (MSCs)
hacia osteoblastos, lo que conduce a una disminucion en la formacién de nueva
matriz 6sea. Cuando este desequilibrio persiste en el tiempo, provoca el
adelgazamiento o la pérdida de las estructuras trabeculares dentro del hueso
trabecular, asi como una disminucion del grosor y un aumento de la porosidad
en el hueso cortical, lo que desemboca en fracturas osteoporéticas que afectan

a la calidad y a la esperanza de vida de las personas afectadas.

Existen tratamientos para la osteoporosis, que pueden clasificarse segun
sus mecanismos de accion en agentes antirresortivos que inhiben la actividad
osteoclastica, osteoformadores, que estimulan los osteoblastos, y agentes que
poseen accion dual, antirresortiva y osteoformadora. Sin embargo, la
implementacion de estos tratamientos requiere una intrincada toma de
decisiones por parte de los médicos, ademas de la combinacién de agentes
farmacolégicos o estrategias terapéuticas secuenciales, todo ello dirigido a
maximizar los beneficios terapéuticos y reducir los efectos secundarios que
pueden derivar que, aunque infrecuentes, pueden ser muy graves. De esta
manera, existe una busqueda de nuevas terapias alternativas que faciliten la

practica clinica, mejoren la adherencia al tratamiento y sean mas costo-efectivas.

En este contexto, el uso de MSCs empezo a investigarse con resultados
muy prometedores. Las buenas caracteristicas de estas células como su facil

recoleccion, su capacidad de diferenciacion a varios tejidos y su baja
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inmunogenicidad, han hecho que se usen para el tratamiento de patologias de
diversa indole. En concreto, el uso para patologias Oseas es de los mas
extendidos debido a la conocida capacidad de las MSCs de la medula 6sea para
formar osteoblastos de manera fisiologica. Sin embargo, el empleo de estas
MSCs como terapia también presenta algunos inconvenientes como las bajas

tasas de implantacion, los problemas de supervivencia o el potencial tumorigeno.

Simultaneamente, en los ultimos afos se ha producido un cambio de
paradigma que afirma que el principal determinante de la eficacia terapéutica de
las MSCs es la producciéon de factores en el microambiente, por encima de la
implantacion y diferenciacion directas de estas células. En consecuencia, se han
iniciado estudios sobre este conjunto de factores generados por las MSCs y
secretados al medio extracelular, denominado secretoma. El empleo del
secretoma de MSCs como terapia supone ventajas en muchos aspectos
respecto al uso directo de las MSCs. Estas ventajas incluyen evitar los problemas
de supervivencia celular tras la implantacion, reducir aun mas el riesgo
inmunogénico, facilitar la produccion y la aprobacion legal como medicamento,
simplificar la logistica de almacenamiento, y la posibilidad de crear un producto

adaptado a patologias especificas, atribuible a su alta plasticidad inherente.

En trabajos previos, nuestro grupo de investigacion determiné que el
silenciamiento del gen Smurf1, que actia como un inhibidor de la via de
senalizacion de las proteinas morfogenéticas 6seas (BMPs), una via esencial
que rige la diferenciacion de las MSCs hacia osteoblastos, hacia que las MSCs
mostraran un mayor potencial osteogénico. Dado que el secretoma de las MSCs
constituye un reflejo de las propias células, la hipétesis que plantea este trabajo
es que el silenciamiento del gen Smurf1 en MSCs conduce a estas células a
producir un secretoma que, de manera similar, posee un mayor potencial
osteogénico, y que podria ser usado como terapia en trastornos del déficit 6seo

como la osteoporosis.

Asi, el objetivo ultimo de este proyecto es sentar las bases de un sistema
terapéutico para el tratamiento de la osteoporosis, basado en el uso de

secretoma de MSCs en las que se ha inhibido el gen Smurf1.
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Inicialmente, se determin6 que el silenciamiento de este gen en las MSCs
sanas podia lograrse mediante la aplicacion un tipo particular de oligonucledtidos
antisentido conocidos como GapmeRs, asi como la posterior produccion del

secretoma o medio condicionado (CM).

Estudiamos el efecto del CM in vitro sobre MSCs de rata (rMSCs) y en la
linea celular de MSCs de tejido adiposo humano ASC52telo. Los resultados
demostraron que el CM de MSCs en las que el gen Smurfl/SMURF1? esta
silenciado (CM-Smurf1/SMURF1) promueve la diferenciacion osteogénica in
vitro, como asi se verific6 mediante el estudio de marcadores osteogénicos,
actividad fosfatasa alcalina y de mineralizacién usando la tincién rojo alizarin.
Los resultados obtenidos in vivo en el modelo ectopico reforzaron las
conclusiones iniciales extraidas de los modelos in vitro, corroborando que ese
incremento de la capacidad osteogénica de las MSC tratadas con CM-Smurf1 se

conservaba en un organismo Vvivo.

Sin embargo, estos modelos distaban considerablemente del contexto
clinico que pretendiamos abordar, ya que el CM se administr6 a MSCs sanas.
Por ello, se llevd a cabo un experimento para analizar el efecto sobre el potencial
osteogénico de MSCs procedentes de pacientes con osteoporosis (hOP-MSCs).
Las hOP-MSCs tratadas con el CM-SMURF1 mostraron incrementos
significativos en la actividad fosfatasa alcalina y en la mineralizacién, con
resultados similares a los obtenidos cuando estas células se estimulaban con la
molécula pro-osteogénica BMP2. El siguiente paso consistié en el modelo in
vivo de osteoporosis en ratones, diseiiado para emular la osteoporosis asociada
a la menopausia. El CM-Smurf1 mostré una atenuacion significativa de la pérdida
Osea trabecular como consecuencia de la ovariectomia, lo que indica un efecto

protector 6seo pronunciado.

Se examino el efecto de CM-SMURF1 sobre funciones biolégicas basicas

de las MSCs, como la capacidad proliferativa, de migracién y de quimiotaxis. Los

' Si bien, en general, en la literatura cientifica, estos términos se utilizan con frecuencia
indistintamente, hay que sefialar que se entiende estrictamente como secretoma al conjunto de
factores liberados por la célula. Sin embargo, a nivel experimental no es posible aislar el secretoma
sin un medio de cultivo que lo contenga. En consecuencia, el término secretoma seria un concepto
mas tedrico, mientras que, en la practica, se trabaja con medio condicionado.

2Smurf1 para células murinas. SMURF1 para células humanas.
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datos indicaron que inducia un incremento de la migracion y de la atraccion
quimiotactica sobre MSCs, lo cual podria contribuir a la actividad regeneradora
del CM.

Para dilucidar mejor los mecanismos que sustentan la actividad del CM-
SMURF1 se separ6 la fraccion soluble (SF) de la fraccion vesicular (VF) y el
potencial osteogénico de cada fraccion se evaluo de forma independiente. Las
evaluaciones revelaron que ambas fracciones estimulaban un mayor potencial
osteogénico en las MSCs, concluyendo en que el desarrollo de una terapia en
base al CM-SMURF1 debia estar constituida el CM completo dado que las dos
fracciones ejercen colectivamente un efecto sinérgico que optimiza la aplicacion
de cualquiera de las fracciones de forma aislada. En busca de una mejor
comprension del contenido del CM-SMURF1, se llevé a cabo un analisis de
espectrometria de masas de la SF y la VF. De acuerdo con los hallazgos del
estudio de induccién osteogénica de las fracciones, se identificaron proteinas
estrechamente relacionadas con la actividad osteogénica en ambas fracciones
del CM-SMURF1, como PREPL (Prolyl Endopeptidase Like), FMOD
(Fibromodulin), SPARC (Secreted Protein Acidic and Cysteine Rich) y CCN2
(Cellular Communication Network Factor 2), lo que reforzo la idea de una accion

sinérgica de la SF y VF.

Finalmente, dado que se prevé que la administraciéon de CM-SMURF1 en
el tejido 6seo de pacientes afecte no solo a las MSCs, sino también a otras
células del microambiente &seo, realizamos un andlisis del efecto de CM-
Smurf1/SMURF1 ex vivo sobre fragmentos 6seos de pacientes e in vitro sobre
osteocitos y osteoclastos. Todos estos estudios apuntaron hacia una induccion
de un perfil pro-osteogénico del CM-Smurf1//SMURF1 sobre el microambiente

6seo mediante reduccion de resorcion dsea.

En general, nuestros resultados indican que el medio condicionado de
MSCs en las que se ha silenciado el gen Smurf1/SMURF1, representa una base
prometedora para el desarrollo de un sistema terapéutico destinado a la

prevencion o el tratamiento de los sintomas asociados a la osteoporosis.
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Summary

Bone constitutes a dynamic tissue that undergoes continuous renewal to
ensure the appropriate performance of its functions. This process of continuous
renewal is known as bone remodelling and is carried out by a complex system of
intercellular communication in which osteoclasts resorb bone matrix which is
subsequently replaced by new matrix produced by osteoblasts. The correct
execution and coordination of bone remodelling is fundamental for the
maintenance of bone homeostasis, and alterations in this process lead to

changes in bone architecture.

In osteoporosis, this balance is disturbed, partially attributable to a
reduction in the differentiation of mesenchymal stem cells (MSCs) into
osteoblasts, then leading to a decrease in the formation of new bone matrix.
When this imbalance persists over time, it leads to thinning or loss of trabecular
structures within the trabecular bone, as well as decreased thickness and
increased porosity within the cortical bone, resulting in osteoporotic fractures that

affect the quality of life and life expectancy of the affected individuals.

There are treatments for osteoporosis, which can be classified according
to their mechanisms of action into antiresorptive agents that inhibit osteoclastic
activity, osteoforming agents that stimulate osteoblasts, and agents that have
dual antiresorptive and osteoforming actions. However, the application of these
treatments requires intricate decision-making by clinicians, in addition to the
combination of pharmacological agents or sequential therapeutic strategies, all
aimed at maximising therapeutic benefits and reducing the side effects that can
result, which, although infrequent, can be severe. Thus, there is a search for new
alternative therapies that facilitate clinical practice, improve adherence to
treatment and offer greater cost-effectiveness.

In this context, the investigation into the use of MSCs began, yielding
promising outcomes. The advantageous characteristics of these cells, including
their ease of harvesting, their capacity to differentiate into various tissues, and
their low immunogenicity, have facilitated their application in the treatment of

diverse pathologies. Specifically, the use in bone pathologies is one of the most
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widespread due to the known capacity of bone marrow MSCs to form osteoblasts
physiologically. However, the use of MSCs as therapy also has some drawbacks

such as low implantation rates, survival problems or tumorigenic potential.

At the same time, a paradigm shift has occurred in recent years, with the
assertion that the main determinant of the therapeutic efficacy of MSCs is the
production of factors in the microenvironment, rather than the direct implantation
and differentiation of these cells. Consequently, studies have been initiated on
this array of factors generated by MSCs and secreted into the extracellular
environment, which is called the secretome. The use of the MSC secretome as a
therapy has many advantages over the direct use of MSCs. These advantages
include avoiding cell survival issues after implantation, further reducing
immunogenic risk, facilitating production and legal approval as a drug, simplifying
storage logistics, and the possibility of designing a product tailored to specific

pathologies, attributable to its inherent high plasticity.

In previous work, our research group found that silencing the Smurf1 gene,
which acts as an inhibitor of the bone morphogenetic proteins (BMPs) signalling
pathway, an essential pathway in the differentiation of MSCs into osteoblasts,
resulted in an augmented osteogenic capability of MSCs. Considering that the
secretome of MSCs mirrors the cells, the hypothesis posited in this study is that
silencing the Smurf1 gene in MSCs leads these cells to produce a secretome that
similarly possesses greater osteogenic potential, which could be used as a

therapy in bone deficit disorders such as osteoporosis.

Thus, the main objective of this project is to establish the basis of a
therapeutic system for the treatment of osteoporosis, based on the use of MSCs

secretome in which the Smurf1 gene has been silenced.

Initially, it was determined that silencing of this gene in healthy MSCs could
be achieved by the application of a particular type of antisense oligonucleotides
known as GapmeRs, as well as the subsequent production of the secretome or

conditioned medium (CM)3.

3 While these terms are frequently used interchangeably in the scientific literature, it is worth noting
that the term secretome is strictly understood as the set of factors released by the cell. However, at
experimental level, it is not possible to isolate the secretome without a culture medium containing
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We investigated the effect of CM in vitro on rat MSCs (rMSCs) and on the
human adipose tissue MSC cell line ASC52telo. The results revealed that CM of
MSCs in which the Smurf1/SMURF14 gene is silenced (CM-Smurf1/SMURF1)
promotes osteogenic differentiation in vitro, as verified by the analysis of
osteogenic markers, alkaline phosphatase activity and mineralisation using
alizarin red staining. The results obtained in the in vivo ectopic model reinforced
the initial conclusions drawn from the in vitro models, corroborating that this
increase in the osteogenic capacity of MSCs treated with CM-Smurf1 was

maintained in a living organism.

Nonetheless, these models were considerably distant from the clinical
scenario we sought to address, as CM was administered to healthy MSCs. Thus,
an experiment was conducted to evaluate the impact on the osteogenic potential
of MSCs derived from patients suffering from osteoporosis (hOP-MSCs). The
hOP-MSCs treated with CM-SMURF1 exhibited substantial increases in alkaline
phosphatase activity and mineralization with similar results to those obtained
when these cells were stimulated with the pro-osteogenic molecule BMP2. The
next step was an in vivo model of osteoporosis in mice, designed to closely
simulate menopause-associated osteoporosis. CM-Smurf1 showed a significant
attenuation of trabecular bone loss following ovariectomy, indicating a

pronounced protective effect on bone.

The influence of CM-SMURF1 on basic biological functions of MSCs, such
as proliferation, migration and chemotaxis capacity, was examined. The data
indicated that it induced increased migration and chemotactic attraction on

MSCs, which could contribute to the regenerative efficacy of CM.

To further elucidate the mechanisms underlying CM-SMURF1 activity, the
soluble fraction (SF) was separated from the vesicular fraction (VF) and the
osteogenic potential of each fraction was assessed independently. The
evaluations indicated that both fractions elicited an enhanced osteogenic
potential in MSCs, leading to the conclusion that the development of a CM-

SMURF1-based therapy should consist of the entire CM, as the two fractions

it. Consequently, the term secretome would be a more theoretical concept, whereas in practice, we
work with conditioned medium.
4 Smurf1 for murine cells. SMURF1 for human cells.
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collectively exert a synergistic effect that optimises the application of either
fraction independently. To gain a comprehensive understanding of the
composition of CM-SMURF1, a mass spectrometry analysis was performed on
the SF and the VF. In accordance with the findings of the osteogenic induction
study of the fractions, proteins closely related to osteogenic activity were
identified in both fractions of CM-SMURF1, such as PREPL (Prolyl
Endopeptidase Like), FMOD (Fibromodulin), SPARC (Secreted Protein Acidic
and Cysteine Rich) and CCN2 (Cellular Communication Network Factor 2), then

reinforcing the idea of a synergistic action of SF and VF.

Lastly, since CM-SMURF1 administration in patient bone tissue is
expected to influence not only MSCs but also other cells in the bone
microenvironment, we performed an analysis of the effect of CM-
Smurf1/SMURF1 on ex vivo cultures of bone fragments from patients and in vitro
on osteocytes and osteoclasts. Collectively, these studies pointed towards an
induction of a pro-osteogenic profile of CM-Smurf1/SMURF1 on the bone

microenvironment through reduction of bone resorption.

Overall, our findings suggest that the conditioned medium of MSCs in
which the Smurf1/SMURF1 gene has been silenced represents a promising basis
for the development of a therapeutic system aimed at the prevention or treatment

of symptoms associated with osteoporosis.
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1. INTRODUCTION
1.1. The Skeletal System

1.1.1. Composition of the Skeletal System

The human skeletal system comprises 206 bones that constitute the
framework for the rest of the body tissues. The skeleton has two main parts: The
axial skeleton, which is the axis of the body, including the skull, vertebral, column
and ribcage; and the appendicular skeleton, which is formed by appendages,
such as the upper and lower limbs, pelvic girdle and shoulder girdle. In the whole
skeletal system, a variety of bone shapes can be observed, each indicative of
their specific primary function. Bones of the axial skeleton, for instance, serve as
protective components for vital organs like the brain, spinal cord and lungs.
Meanwhile, the tubular and short structure of the fingers facilitates gripping

functions, and the long bones enable locomotion (1-3).

Bones are a special form of connective tissue composed of 70% of mineral

content, 22% of organic phase (also called osteoid) and 8% water (Figure 1) (4).

Calcium, phosphate and magnesium comprise the primary constituents of
the mineral part of the bone. The predominant part of this mineral component is
held by nanostructured plate-like crystals of hydroxyapatite, Cas(POa4)3(OH),
measuring approximately 20-50 nm in length and 12-20 nm in width, depending
on age. Overall, the skeletal structure hosts between 1-1.5 kg of calcium in the

form of hydroxyapatite (3, 5).

The osteoid, the unmineralized, organic component of the bone matrix is
primarily composed of type | collagen (90%) and non-collagenous proteins
(NCPs) (10%). Type | collagen is a structural protein that consists of two a1 chains
and a single a2 chain that assemble into a triple helix. While collagen
encompasses nearly all amino acids, it is specially abundant in glycine, proline,
and hydroxyproline, which are crucial for the structure and rigidity of the triple
helix. On the other hand, NCPs play vital roles in the organization of the

extracellular matrix, coordination of mineral-matrix and cell-matrix interactions
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and regulation of bone mineralization. These highly specialized proteins can be

broadly categorized into distinct classes (6, 7):

e Proteoglycans: Heparin sulfate, hyaluronan, small leucine-rich

proteoglycans (SLRPs), and versican.
e Glycoproteins. Alkaline phosphatase (ALP), fibronectin, thrombospondin
(TSP1 and 2) and vitronectin.

e Proteins of the small integrin-binding ligand N-linked glycoprotein

(SIBLING) family. Dentin matrix acidic phosphoprotein 1 (DMP-1), matrix

extracellular phosphoglycoprotein (MEPE), osteopontin, sialoproteins.

e Osteocalcin. The main y-carboxyglutamic acid (Gla)-containing protein in
the bone.

e Osteonectin. Also known as secreted protein acidic and rich in cysteine
(SPARC).

Water is also present in the bone, both in association with the collagen-
mineral composite and in free motion through canalicular and vascular conduits.
The unbound water undergoes redistribution in response to skeletal stresses and
plays a role in the detection of loading and the subsequent cellular response

within bone tissue (6, 7).

MINERAL
* (Hydroxyapatite) Compact bone composition

PROTEIN
O * (Collagen, -

cells,

hyaluronic acid)

* WATER
— = Mineral * Organic protein = Water

Figure 1. Schematic showing bone composition. Bone tissue is composed of 70% of mineral
content, 22% of organic phase (also called osteoid) and 8% water. Image taken from Brett et al.
2017, in BioResearch Open Access (4).

Ensuring a healthy skeletal system lies on achieving a proper balance of

the three former elements (Figure 1), referring to quantitative and qualitative
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aspects. This involves attaining appropriate levels of minerals, osteoid and water
along with proper organization of the mineral, crystallite size, collagen
morphology and microarchitecture of the bone. Any imbalance in these

parameters has the potential to impair the functions of the skeletal system (7).

1.1.2. Functions of the Skeletal System

The skeletal system contributes to several main functions in the body (2, 5-
7).

e Protection. The robust and organized architecture of the bone offers
protection to vital soft internal organs including the brain, heart, lungs
and spinal cord. The balance that bone tissue maintains between
rigidity and flexibility grants the capability to withstand reversible
deformation caused by an impact, absorbing or dissipating the energy
without cracking.

e Support and movement. As the rigid structures of the body, they give

form and support, and in conjunction with muscles, tendons, and
ligaments, bones facilitate bodily movement.

¢ Mineral homeostasis. Bones serve as the primary reservoir for minerals

within the body, encompassing around 99% of the body's calcium, 85%
of its phosphate, and 50% of its magnesium. These minerals play a
crucial role in numerous physiological processes and are mobilized into
the bloodstream in accordance with the body's requirements.

¢ Blood cell formation (haematopoiesis). Certain areas of bone, primarily

consisting of trabecular bone, such as the iliac crest, vertebrae, and
proximal femur, contain red bone marrow, a highly specialised tissue
responsible for producing most of the body's blood cells.

¢ Endocrine regulation. Recently, bone has emerged as an endocrine

organ due to its ability to secret hormones such as fibroblast growth
factor 23 (FGF23) and osteocalcin. These hormones allow bone to
regulate absorption and reabsorption processes in the kidneys and
intestines. Furthermore, the influence of bone as an endocrine organ

also comprises altering insulin secretion in the pancreas and impacting
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skeletal muscle and adipocytes outside the bone, thus implicating bone

in the regulation of energy within the entire organism.
1.1.3. Structural Organisation of the Skeleton

Bones are arranged as a multiscale and hierarchical structure. Each level
of organization is precisely constructed to enable the bone to operate as a whole

organ with the capability to carry out the aforementioned functions.
1.1.3.1. Nanoscopic structure

As previously mentioned, at the nanostructural level, bones are composed
of type | collagen. Collagen molecules are composed of two identical a1 helices
and one a2 helix, then forming triplets. Collagen triple helices self-assemble in
line with one another into microfibrils. Then, in parallel, microfibrils are arranged
in a quarter-staggered pattern to form collagen fibrils, which eventually reach 80-
100nm in diameter and 10um in length (Figure 2). This distinctive packaging
results in the formation of spaces between the ends of the collagen molecules,
termed "holes"; and between the laterally contiguous microfibrils, known as
"pores". These spaces produce an oscillating surface topography of axially
repeating bands along the fibril length called D-spacing which exists as a
distribution of values near the theoretical 67 nm. These gap regions serve as a

template for the deposition of bone mineral plates (6-8).



Introduction

'\

Collagen

|
Molecule a00am ‘
a, helix
a, helices
«
CO"agen ] J (IERNNNDINAE ) () J
Microfibrils [ ) (0 ) [ J = )
([ ) ( —J ' al
crosslinks 0 ) C ) _‘)! Piris
1} ) ) C )
[ ) 1 ) [ —
] ) C ) ) C——)

Collagen @ 010 1 EEEEEEEEEEEEEE l
Fibrils )
P |

l

< ;
Multiple microns

Figure 2. Collagen Structure and organisation. Characteristic organisation of collagen
molecules, which self-assemble in a quarter-staggered array to form microfibrils and fibrils. This
structure provides distinctive properties. Image taken from Canelon et al. 2016, in PLOS ONE (8).

The elemental organization of the collagen is crucial for bone function as
the collagen-mineral composite provides unique material characteristics that
combine from the rigidity of mineral and the pliability of collagen. Lateral and
longitudinal aggregation of collagen molecules is essential to extend from the

nanoscale to the microscale level (6).
1.1.3.2. Microscopic structure

At the microstructural level, the collagen-mineral composite exhibits an
arrangement characterized by distinct parallel sheets referred to as lamellae. This
laminar bone organize itself in circumferential concentric bands, creating lacunae
spaces between these bands. It is within these lacunae that osteocytes, the
primary bone structural cells, are located. These osteocytes communicate with
one another through a physical connection that link the lacunae, called canaliculi
(1, 2).
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1.1.3.3. Macroscopic structure

The primary difference in bone composition at the macroscopic scale is
between cortical (compact) bone and cancellous (spongy or trabecular) bone.
Microscopically, both types are composed of lamellar bone, making them
biochemically identical. However, they exhibit distinct structural characteristics,

leading to different arrangements and functions that complement each other (1).

In the cortical bone, the arrangement of lamellae is highly compact,
composing the predominant portion of bone mass in the skeletal system. This
thick, mineralized tissue acts as a barrier, hindering the diffusion of oxygen and
nutrients while impeding the removal of cellular waste products. To ensure proper
nourishment of the tissue, the cortical bone is organised into osteons or
Harvesian systems (Figure 3), which consist of multiple concentric layers of
lamellae surrounding a central channel housing blood vessels, nerves and
lymphatics. These central channels, called Harvesian canals, are typically
aligned parallel to the bone's axis and branch out transversally into Volkmann's
canals, facilitating physical communication through vessels and nerves within

osteons and between the inner and outer surfaces of the cortical bone (2, 7).

Cancellous bone is comprised of plate- and rod-like structures, with a
thickness of approximately 200 ym in humans. The arrangement of the bone
laminae exhibits a relatively parallel orientation in relation to the trabecular
surface. Due to their diminished thickness, these laminae do not require the
presence of a canal structure, as observed in cortical bone, in order to facilitate
proper irrigation. Instead, being located within the medullary cavity of the bone,
these laminae are nourished by the diffusion of nutrients and oxygen through the

vessels present in this space (Figure 3) (6, 7).
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Figure 3. Bone is macroscopic structure, where dense cortical bone forms the outer shell and
cancellous (trabecular) bone is present within the marrow cavity. Cortical bone at the macroscopic
scale consists of numerous osteons, which feature a central canal housing blood vessels, nerves,
and lymphatics surrounded by concentric lamellae, the Harversian canals. Trabecular bone,
though also lamellar in nature, exhibits a structure characterized by a mix of lamellae running
parallel to the trabecular surface alongside remnants of older bone that have been remodelled
and may resemble osteons in certain regions. Image taken from Enciclopedia Médica Ferato
(Hueso - Enciclopedia Médica Ferato).

Cancellous bone is found is typically found in the interior of bones, such
as the ends of long bones (epiphyses), within the vertebrae, the ribs, the skull,
and the pelvic bones. This type of bone offers structural reinforcement to the bone
but avoiding substantial additional weight. Cortical bone is the predominant
component of the long and short bones in the axial skeleton and is found around
the cancellous bone of the vertebral body, at the ends of the long bones, in the
iliac crest and in the skull. Cortical bone serves as a protective shield thanks to

its load-bearing capabilities (Figure 3) (6).
1.1.3.4. Organ-level organization

As an organ, bone is composed not only of osseous tissue but also of other
associated structures essential for its function. These structures include the

periosteum, endosteum and bone marrow.
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The periosteum is a thin fibro-cellular envelop that covers the outer surface
of the bone (Figure 3). It consists of two layers: an outer fibrous layer containing
dense connective tissue and an inner cambium layer populated with highly
osteogenic cells. While the outer layer primarily provides support and protection
to the bone, the inner cambium layer is responsible for bone formation in
situations such as growth, development, modeling/remodeling and fracture
repair. On the other hand, the endosteum is a fenestrated layer of flattened
osteoprogenitor cells, also known as lining cells, that covers the entire inner
surface of the bone. This includes the cortical wall of the medullary space, the
surface of the trabecular bone and the inner walls of the osteons. These lining
cells are associated with capillaries near the bone surface and sinusoids in the
marrow. Therefore, in addition to their role in bone formation, lining cells also play
a crucial role in regulating the flow of hydrophilic ions, like calcium, between the
bone and blood (6, 9).

Bone marrow is a soft, spongy tissue found in the hollow interior of bones,
responsible for the production of blood cells, including red blood cells, white blood
cells, and platelets, through the process of haematopoiesis, starting from
hematopoietic stem cells (HSCs). Bone marrow is located within the medullary
cavity of long bones, vertebrae, ribs, sternum, skull, shoulder girdle and the
pelvis. Bones provide protection to this vital tissue. For effective haematopoiesis,
mesenchymal stem cells within the bone marrow (BM-MSCs) provide support and
regulation to HSCs and to their more specialised progenitors. As a result of its
rich vascular supply and the presence of haemoglobin in erythroid cells, the bone
marrow displays a red coloration, hence it is called as red bone marrow. However,
from the early postnatal period onwards, BM-MSCs, predominantly from long
bones, begin to accumulate lipid droplets and lose their capacity for
haematopoietic support, giving rise to what is referred to as yellow bone marrow.
This transformation occurs due to the presence of adipocytes derived from BM-
MSCs. Although it has been demonstrated that, under conditions of necessity,
MSCs in yellow bone marrow can regain their haematopoietic supportive

characteristics, their primary function is to serve as an energy reserve (2, 10, 11).
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1.2. Bone Biology

Bone is a dynamic tissue that undergoes continuous adaptation
throughout adulthood to maintain body structure and mineral homeostasis. The
primary mechanism behind this phenomenon is bone remodelling, involving the
simultaneous processes of bone formation and bone removal (resorption). These
processes must be carefully coordinated to ensure the preservation of bone
mass. Osteoclasts, osteoblasts and osteocytes are the cell types responsible for
ensuring that these two opposite activities are tightly coupled in time and space
(12).

1.2.1. Bone Cells

Osteoclasts, cells with a monocyte-macrophage origin, possess a high
degree of specialization. These cells exhibit several unique characteristics,
including the ability to degrade mineralized bone matrix. The main morphologic
characteristic of osteoclasts is their large size and multinucleated nature, which
is a result of the fusion of mononuclear precursor cells during the maturation
process. After fusion takes place, the cytoskeleton of the osteoclast starts to
reorganize, resulting in the cells becoming polarized. This polarization leads to
the formation of an apical membrane domain that encounters the bone surface,
as well as a basolateral membrane domain on the opposite side of the cell. Within
the apical membrane domain, the osteoclasts are anchored to the bone through
integrin receptors to Arg-Gly-Asp (RGD)-containing matrix proteins (osteopontin
and bone sialoprotein). This attachment defines the sealing zone, which is the
region where a strong union cell-bone occurs. Once attached, osteoclasts initiate
the secretion of protons (H+) towards the bone, causing the acidification of the
entire area. The production of protons is facilitated by the carbonic anhydrase
enzyme. Protons are then released by the proton pump. To prevent intracellular
polarization, the secretion of protons is balanced by the release of chloride ions
(Cl-) through the chloride channel H+/CI- exchange transporter 7 (CIC-7). HCI
dissolves the hydroxyapatite component of the bone and exposes the osteoid,
which is subsequently digested by enzymes that are also released by the
osteoclast itself. These enzymes include Cathepsin K, Tartrate-resistant acid

phosphatase (TRAP), and metalloproteinases such as Metalloproteinase 9
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(MMP9) and Metalloproteinase 14 (MMP14). The region of the bone that
undergoes degradation is referred to as the resorption Howship lacuna, while the
portion of the osteoclast membrane involved in this process is known as the
ruffled border. Once the bone has been degraded, the resorption products are

internalized and eliminated within lysosomes (Figure 4) (12).

Basolateral
domain
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Figure 4. The morphology and functionality of osteoclasts are depicted schematically,
illustrating key components such as the sealing zone (SZ), ruffled border (RB), transition zone
(TZ), nuclei, and resorption lacuna. Osteoclasts in their mature state exhibit polarization, with the
apical domain oriented towards the bone surface. Carbonic anhydrase-mediated proton
production is essential, as these protons are conveyed to the RB membrane via the V-ATPase for
secretion. The process of acidifying the resorption lacuna entails chloride ions (Cl-) being
secreted through chloride channel 7. To maintain electroneutrality and prevent alterations in pH
and/or membrane polarization, a basolateral bicarbonate/chloride exchanger operates. ATP
production is facilitated by mitochondria. Cathepsin K, matrix metalloproteases (MMPs), and
tartrate-resistant acid phosphatase (TRAP) collectively contribute to bone dissolution.
Degradation products from bone are discharged into the bone microenvironment, taken up by the
cell, and broken down within the lysosomes. Imagen taken from Bellido et al. 2019, in Basic and
Applied Bone biology (12).

Osteoblasts, on the other hand, are responsible for bone formation. These
cells are derived from mesenchymal stem cells (MSCs), which also have the
potential to differentiate into various other types of cells including chondrocytes,
muscle cells and adipocytes. The determination of the cellular lineage originating
from the MSCs depends on the expression of specific transcription factors. For

the osteoblastic lineage, the differentiation of MSCs into osteoblasts is regulated
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by the master transcription factor runt-related transcription factor 2 (RUNX2). The
primary role of osteoblasts is to produce osteoid. Consequently, they exhibit the
characteristic morphology of cells that secrete high levels of proteins. These cells
are cuboidal in shape, with large nuclei positioned close to the basal membrane
of the cell. They have an enlarged Golgi apparatus on the apical surface of the
nuclei, along with an extensive endoplasmic reticulum. Alkaline phosphatase

(ALP) and osteocalcin are highly expressed in these cells (12, 13).

As the osteoblasts generate osteoid, they become trapped within this
organic phase. A proportion of these cells ranging from 5% to 20% are engulfed
by the matrix they produce, which subsequently undergoes mineralization. The
rest of osteoblasts (60-80%) endure apoptosis or remain quiescent on the bone
surface. These quiescent osteoblasts exhibit a flattened morphology, which is
indicative of decreased protein production, and are referred to as bone lining
cells. Bone lining cells serve as a reservoir of osteogenic precursors and are also
believed to participate in calcium exchange, given their presence at the interface

between bone and the extracellular bone marrow compartment (12).

Osteoblast that become trapped within the osteoid and do not undergo
apoptosis, will form cytoplasmic projections to establish contact with each other,
enabling their differentiation into osteocytes. As the bone matrix around them
mineralises, lacunae (space around the cell body) and canaliculi (space around
the dentritic processes) are formed. The expression of the membrane-associated
proteins podoplanin (E11/PDPN/GP38) and MMP-14 is essential for this

progression.

Osteocytes represent 90 to 95% of all bone cells and are uniformly
dispersed throughout the bone structure. They possess a lengthy half-life, which
distinguishes them from osteoclasts and osteoblasts which are only transiently
present in bone, in limited numbers, and at variable locations. Osteocytes are not
merely structural cells; their dendritic processes form connections with each
other, and with the bone lining cells on the surface, creating the core of the
functional syncytium that defines the bone as an organ. Within the lacunae,
osteocytes can detect changes in mechanical signals (such as strain or fluid flow),
and levels of circulating factors (ions or hormones). This ability permits signal

amplification, resulting in adaptive responses of the skeleton to environmental
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cues. Consequently, osteocytes play a pivotal role in bone metabolism, regulating

the functions of osteoclasts and osteoblasts in response to various stimuli (12).
1.2.2. Bone Cells Intercellular Communication

Although the entire communication network that exists in bone is more
complex, involving immune, endocrine, muscle and nervous system cells, here
we will focus on a general overview of interactions occurring exclusively among
bone cells. Within the bone microenvironment, osteocytes, osteoblasts and
osteoclasts engage in continuous communication and coordinate responses to

both internal and external stimuli (14).

Osteocytes, as the predominant cells in bone tissue, possess a significant
relevance in bone communication, orchestrating the activity of osteoclasts and
osteoblasts. The secretion of macrophage colony-stimulating factor 1 (MCS-F)
by osteocytes promotes proliferation of osteoclast precursors. Osteocytes are
also the primary source of tumour necrosis factor ligand superfamily member 11
(RANKL) in bone tissue. This protein facilitates the differentiation and fusion of
precursor cells into multinucleated osteoclasts by targeting its receptor (receptor
activator of nuclear factor-kB, RANK) on these cells. Additionally, osteocytes
synthesize tumor necrosis factor receptor superfamily member 11B
(osteoprotegerin, OPG), which acts as a decoy receptor for RANKL, thereby
modulating its impact on osteoclasts. In terms of their interaction with osteoblasts,
osteocytes are a major source of Wnt signaling inhibitors, such as Dickkopf1
(DKK1) and sclerostin (SOST). The Wnt pathway is crucial for the differentiation
and function of osteoblasts, and the actions of SOST and DKK1 inhibit the binding
of Wnt ligands to the Wnt receptors low-density lipoprotein receptor-related
proteins (LRPs) 5 and 6 and Frizzled receptors, ultimately preventing the

translocation of 3-catenin to the nucleus (Figure 5) (15, 16).

In addition to the intrinsic regulatory role of osteocytes over osteoclasts
and osteoblasts, these two cellular types engage in reciprocal communication,

involving several known factors and receptors.
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Figure 5. Crosstalk between bone cells. A schematic and simplified representation depicting
the interplay between bone cells. Osteocytes display a pivotal role on bone regulation, modulating
the action of osteoclasts through RANKL, MCS-F and OPG, while influencing osteoblasts by
producing antagonists of the Wnt signalling pathway SOST and DKK1. Concurrently, osteoclasts
activate osteoblasts by releasing RANK-loaded EVs and producing other factors such as
CTHRCA1. Furthermore, osteoblasts impact osteoclasts and their progenitors via MCS-F, RANKL,
OPG, Wnt16, SEMA3A, and additional signalling molecules. Image taken from Daniel Garcia
Sanchez PhD thesis, 2023, in Universidad de Cantabria (14).

While RANK acts as a receptor for RANKL on the osteoclasts surface,
osteoclasts can release extracellular vesicles (EVs) containing high
concentrations of RANK factor, which in turn promotes the early stages of
osteoblast differentiation upon binding to osteoblast membrane-bound RANKL.
Several other factors secreted by osteoclasts have effects on osteoblasts
functions, including Sphingosine 1 phosphate (S1P), which promotes osteoblasts
migration and survival, Collagen Triple Helix Repeat Containing 1 (CTHRC1),
which support the recruitment of osteoblast precursor cells and

osteoblastogenesis and Complement component 3 (C3), Protein Wnt-10B
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(WNT10B), and Ephrin B2 (EFNB2), which also stimulates osteoblastogenesis.
Additionally, osteoclasts produce mediators that block osteoblast differentiation,

such as semaphorin 4D (17, 18).

As osteoblasts belong to the same cell lineage as osteocytes, they
produce MCS-F and, as just discussed, membrane-bound RANKL, which are pro-
osteoclastogenic factors. They also produce factors that negatively affect
osteoclasts, including surface receptors like Ephrin B4 and Semaphorin 3A
(SEMA3A), which impedes osteoclastogenesis and Tumor necrosis factor ligand
superfamily member 6 (TNFRSF6B/FASL/CD95L), which induces osteoclasts
apoptosis. Osteoblasts likewise secretes factors like OPG and Protein Wnt-16

(WNT16), which also block osteoclastogenesis (18).

This communication between bone cells is crucial for the proper

functioning of bone metabolism and, therefore, for bone remodelling.
1.2.3. Bone Remodelling

Bone remodelling is the primary process in the adult organism that
facilitates the maintenance of bone health and functionality. Within the bone
structure, remodelling takes place in discrete spatial units known as Bone
Remodelling Compartments (BRCs), which allow the concentration of local
factors facilitating the coupling of bone resorption and formation (Figure 6).
Continuous bone remodelling involves the constant distribution of BRCs
throughout the bone anatomy at various stages. This intricate process entails the
collaboration of multiple cell types collectively referred to as the Bone Multicellular
Unit (BMU), ensuring the successful progression of the five phases of
remodelling, which may take, in humans, 4-6 months to be completed (12, 19).

The characteristics of those phases are given in the following text:

1. Activation. Bone remodelling is instigated by physiological requirements
and is typically triggered by specific stimuli. Although it can be initiated by
mineral homeostasis needs, a significant portion of bone remodelling
occurs in response to damage, where the initiation event involves
osteocytes apoptosis. Microdamage is often the primary cause of

osteocytes apoptosis due to the physical breakdown of their cytoplasmic
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connections. Additionally, osteocyte death and network rupture can occur
in the absence of microdamage, induced by factors such as oestrogen,
mechanical inactivity, or excessive glucocorticoids. Prior to apoptosis,
osteocytes actively communicate with bone lining cells to initiate the
formation of the BRC, and with osteoclast precursors to stimulate
recruitment and differentiation into mature osteoclasts. These osteocytes
release RANKL and M-CSF, which, as previously mentioned, have a
critical role in osteoclastogenesis. Conversely, healthy osteocytes produce
anti-osteoclastic agents such as OPG, allowing a signalling pattern to be
established to locate the start of the process (12, 19).

. Resorption. The establishment of the BRC includes the retracting of bone
lining cells from the bone surface, leading to the exposure of the
mineralized matrix to the action of osteoclasts. These mature osteoclasts
can then begin mineral degradation using proteinases, as previously
described, a process that typically spans 3-6 weeks (12, 19).

. Reversal. The resorption phase concludes when the degradation of bone
by osteoclasts ceases. This cessation signal is initiated by the osteoclasts
themselves, acting as a mechanism of negative feedback. The
degradative activity of osteoclasts leads to the secretion of previously
latent factors within the bone matrix, including Transforming Growth Factor
B1 (TGF-B1) and Insulin-Like Growth Factor Type 1 (IGF-1), which
promote the proliferation and differentiation of preosteoblasts into mature
osteoblasts. Subsequently, these mature osteoblasts induce the cessation
of resorption and the eventual apoptosis of osteoclasts through
interactions involving surface receptors like EPHB4, FASL, SEMA3A; and
secreted factors such as OPG and WNT16 (18).

. Formation. The communication between osteoblasts and osteoclasts is a
two-way process. Just as it inhibits osteoclast activity, these signals also
stimulate bone formation in osteoblasts. Surface proteins on osteoclasts
like EFNB2 or secreted such as S1P, CTHRC1, C3 and WNT10B support
the survival and function of mature osteoblasts, facilitating the deposition
of osteoid in regions resorbed by osteoclasts (18, 19).

. Quiescence. Once the osteoid has been formed, covering the same

amount of bone matrix that had been eroded away, the bone returns to the
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resting state, with bone lining cells covering the bone surface. The osteoid
will continue to mineralise for a period that may extend for a year or more,

but this time is not considered part of the duration of the bone remodelling

cycle (19).

Figure 6. Whole bone remodelling compartment observed in murine vertebral trabecular
bone. Visualization of DNA-specific stain methyl green and TRAP staining obtained using a
Nomarski differential interference contrast microscopy. A cluster of osteoclasts displaying TRAP-
positive red granules is observed as they erode through at the lower side of the panel. Osteoblasts
are observed at the upper left side of the panel, actively engaged in the formation of new bone.
The depositing osteoid line can be seen to the left of the bunch of osteoblasts. Osteocytes can
be recognized embedded in the bone matrix. 630X. Image courtesy of Prof. Dr Robert S.
Weinstein, University of Arkansas for Medical Sciences, USA.

1.3. Mesenchymal Stem Cells

1.3.1. Characteristics and Properties of Mesenchymal Stem Cells

The term "stem cells" refers to cells that exhibit two essential features: the
ability to undergo self-renewal and the capacity to differentiate into different cell
lineages. Stem cells can be categorized into two main groups based on their
origin: Embryonic Stem Cells (ESCs) and Adult Stem Cells (ASCs).
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ESCs are derived from the inner cell mass of the blastocyst and possess
pluripotency, enabling them to generate all cell types within an organism.
However, the use of human ESCs in therapy remains disputed due to their
significant tumorigenic potential, as well as the ethical and legal issues
associated with them. On the other hand, ASCs are extracted from adult tissues
and exhibit multipotency, allowing them to differentiate into a wide array of cell

lineages without facing the problems linked to ESCs (14, 20).

The concept Mesenchymal Stem Cells (MSCs) was first used by Caplan
in 1991 (21) to described cells with tissue differentiation capabilities similar to
ESCs, yet found forming reservoirs in adult individuals, contributing to the
maintenance of adult cell turnover. Caplan successfully extracted MSCs from
bone marrow (BM) and periosteum and demonstrated their potential to
differentiate into bone (osteoblasts) and cartilage (chondrocytes). Moreover, he
postulated that these cells could potentially pave the way for “self-cell therapy”,

wherein patients would receive treatment using their own MSCs.

Since then, MSCs have been collected from various tissue sources,
including umbilical cord, adipose tissue and dental pulp, among others. More
recently, MSCs have been harvested from menstrual blood and endometrium
(20). As a result of their distribution across multiple tissue types, with tissue-
specific properties, the definition of MSCs has become less distinct. Thus, the
International Society for Cell and Gene Therapy (ISCT) introduced specific
criteria that must be met for cells to be identified as MSCs to standardize their
characterization for research purposes. The criteria, outlined in Figure 7,
encompasses growing in adherent culture under standard conditions, exhibiting
CD105, CD73, and CD90 markers and absence of CD45, CD34, CD14 or CD11b,
CD79a or CD19, and HLA-DR markers. MSCs should also display the capacity
to differentiate into osteoblasts, adipocytes, and chondroblasts in vitro when

exposed to specific stimuli.
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1 Adherence to plastic in standard culture conditions
2 Phenotype Posiave (= 95% +) Negatve (<2% +)

CDI105 CD45

CD73 CD34

CD90 CDI14 or CD11b
CD79x or CD19
HLA-DR

3 In vitro differenuacion: osteoblasts, adipocytes, chondroblasts

(demonstrated by staining of iz vitre cell culture)

Figure 7. Minimum ISCT criteria to classify MSCs. Summary of criteria established by
International Society for Cell and Gene Therapy (ISCT) that cells must fulfilled to be identify as
mesenchymal stem cells (22). CD: Cluster of Differentiation, HLA: Human Leukocyte Antigen.
Image taken from Dominici et al. 2006, in Cytotherapy (22).

These conditions were delineated in a publication by Dominici et al. in 2006

(22) and persist today, serving as the established protocols that all researchers

must adhere to in order to verify MSCs.

1.3.2. Use of Mesenchymal Stem Cells in Regenerative Medicine

MSCs have several characteristics that make them appealing for

application in regenerative medicine:

Obtainable from a wide range of tissue sources. While bone marrow MSCs

(BM-MSCs) are considered the paragon type, MSCs have been sourced
from nearly all tissues, including adipose tissue, dental pulp, synovial
tissues, lungs, nasal olfactory mucosa, muscle, skin, scalp tissue,
endometrium and menstrual blood, periosteum, cornea, peripheral blood,
umbilical cord, amniotic fluid and placenta. This makes MSCs easily

accessible (14).

Easy to collect. Established methodologies exist for isolating MSCs from

various tissue sources. Typically, these protocols are uncomplicated, often

involving a digestion process and elimination of non-adherent cells (23).

Notable proliferation capacity. While differences exist among MSCs from

different sources, these cells generally exhibit robust proliferation and self-

renewal abilities due to their stem cell nature (24).

High potential for differentiation into several tissues. Beyond their ability to

differentiate into mesodermal tissues like bone, fat, and cartilage, MSCs
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display a broader differentiation capacity, including trans-differentiation
into ectodermal tissues such as skin or neurons, and endodermal tissues

like the liver or respiratory tract, given appropriate stimuli (14, 23).

® | ow immunogenicity. Research indicates that MSCs lack expression of

HLA-class Il molecules and various costimulatory molecules like CD40,
CD80, CD83, CD86, and CD154. Consequently, a degree of
immunoprivilege is achieved when administrated into an organism.
Moreover, these cells can induce immunosuppression in vivo, particularly
in inflammatory environments, inhibiting a wide range of immune cells
such as T cells, B cells and Natural Killer cells, as well as influencing the
function of monocytes, dendritic cells and macrophages. This capability is
valuable not only for regenerative purposes but also for diseases with a

significant inflammatory component in their pathogenesis (24, 25).

® Homing and migration capabilities. MSCs have a wide set of adhesion

molecules (e.g., CD44, Integrin a1), chemokine receptors (CCRZ2,
CXCR4), metalloproteinases (MMP-1, MMP-9), and protease inhibitors
(TIMP-1, TIMP-2), endowing them with unique homing and migration
properties. These cells can move within blood vessels, cross the
endothelial barrier, and home to their natural niches or migrate to sites of
tissue damage where their functions are required to aid in tissue

restoration (24).

Hence, as Caplan previously suggested, the use of MSCs holds enormous
potential for the future. Recent publications in this year, 2024, accessible through
PubMed (26), highlight therapeutic strategies utilizing MSCs for conditions
ranging from glioma (27), glaucomatous optic nerve (28), rheumatoid arthritis
(29), craniofacial reconstruction (30), polycystic ovary syndrome (31), ferroptosis
(32), neuroinflammation (33), COVID-19 (34), thymic involution (35), hair

regeneration (36), to ischemic stroke (37), just to mention some of them.

Furthermore, the focus is not solely on original articles. Global clinical trials
in progress can be examined by utilizing the clinicaltrials.gov platform (38). Over
1600 ongoing clinical trials results from filtering with the term 'Mesenchymal Stem
Cell', where MSCs from various sources are used to treat a wide range of
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conditions (Figure 8). The exponential growth in the number of trials in recent
years signifies that MSCs have transitioned from a mere promising tool to an

established clinical reality.

MSC Clinical Trials (by disease category)

16.53% Musculoskeletal diseases
15.78% Cardiovascular disorders
12.36% Nervous system
12.50% Respiratory tract diseases
11.41% Immune system disorders
9.63% Gastrointestinal disorders
6.35% Diabetes

6.08% Skin diseases

3.76% Urological conditions
5.60% Others

HOERO00000

Figure 8. MSCs clinical trials by disease category. A diagrammatic illustration depicting
documented clinical trials involving mesenchymal stem cells across diverse organ systems and
associated disorders is presented. A pie chart was generated utilizing data on MSC clinical trials
retrieved from clinical trials.gov (March 2023), facilitating the calculation of the proportional
distribution of MSC trials among different disease categories. Image taken from Maldonado et al.
2023, in Journal of Biological Engineering (39).

1.3.3. Osteogenic Potential of Mesenchymal Stem Cells

Among all the therapeutic possibilities that can be achieved using MSCs,
bone regeneration stands out as a prominent area of interest and research. One
of the primary factors for this focus is the fact that BM was one of the initial
sources from which MSCs were isolated (40). This led to Owen et al. in 1988 (41)
to postulate that, similar to the haematopoietic system being supported by HSCs,
there must be stem cells within the stromal system, identifying MSCs as strong
candidates for this role. This pivotal insight laid the groundwork for the current
knowledge: BM-MSCs function as precursors for osteogenesis, supporting the
formation of osteoblasts, crucial for cell turnover in adult individuals, and the

maintenance of the balance between bone formation and resorption (12).

The differentiation of MSCs into the osteoblastic lineage depends on the
activation of specific transcription factors. Various signalling pathways are

implicated in the osteogenic differentiation of MSCs, encompassing Bone
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Morphogenetic Proteins (BMPs), Hedgehog, Notch, Neural Epidermal Growth
Factor-like Protein 1, and the Wnt/B-catenin signalling pathways. In this section

we will focus on BMPs signalling pathway (12, 14).

BMPs are growth factors that belong to the TGF-3 superfamily of proteins.
BMPs are involved in many vital physiological processes including cell
proliferation, differentiation, inhibition of growth and maturation in different cell
types, depending on their cellular microenvironment. There are at least 20 BMPs,
but only 5 of them are known to induce bone formation: BMP2, BMP4, BMP5,
BMP6, and BMP7. BMPs are synthesized as precursor proteins that are
subsequently glycosylated, dimerized via a disulfide bond and secreted to the
extracellular space. The dimerization process is key to this pathway, as they can
form homodimers (e.g., BMP-2/BMP-2) or heterodimers (BMP-2/BMP-7)
triggering a wide range of signals that would result in various cellular effects.
BMPs act by binding to bound-membrane serine/threonine kinase receptors
present on MSCs. These receptors consist of a dimer composed of a BMP
receptor | (BMPR-I) and a BMP receptor || (BMPR-II). BMPs have four different
BMPR-I types: activin A receptor-like type | (ACVRL1, also known as activin-like
kinase I, ALK1), ActRI (activin receptor | also known as Activin Receptor-Like
Kinase2, ALK2), BMPR-IA (Bone Morphogenetic Protein Receptor Type IA, also
known as Activin Receptor-Like Kinase 3, ALK3) and BMPR-IB (Bone
Morphogenetic Protein Receptor Type IB, also known as Activin Receptor-Like
Kinase 6, ALKG6); and three type Il receptors: BMPR-2 (Bone Morphogenetic
Protein Receptor Type Il), ActRIIA (Activin Receptor Type IlIA), and ActRIIB
(Activin Receptor Type [IB). When the BMP molecule binds, an oligomeric
complex is formed, and BMPR-Il is phosphorylated intracellularly, which in turn
transphophorylates BMPR-I. Here, the BMP pathway can follow two pathways:

the canonical and the non-canonical BMP pathway (42).

In the canonical BMP pathway, small mothers against decapentaplegic
(SMAD) proteins play a central role (Figure 9). There are three classes of SMAD
proteins based on their functions: the receptor-regulated SMADs (R-SMADs), the
common-mediator SMADs (Co-SMADs) and the inhibitory SMADs (I-SMADs).
SMAD1, SMAD5 and SMADS8 are R-SMAD proteins that form a complex that is

directly activated by BMP receptors, then the intracellular cascade of this pathway
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starts. SMAD1/5/8 oligomerize with  SMAD4, CoSMAD, and this complex
translocates to the nucleus. Once in the nucleus, it interacts with transcription
factors such as RUNX2 co-activator, targeting genes encoding important proteins
for osteoblasts differentiation and function like osteocalcin, collagen a1 chain and

alkaline phosphatase (16, 42).

Extracellular BMP @ Follistatin Twisted Gastrulation
Antagonists
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BAMBI

pseudoreceptor
SMAD6/7
Smurf1/2

|_
SMAD1 /5/8

SMAD4 ﬂ

Co-activators

} Co-repressors

Figure 9. Diagram of the canonical BMP pathway. Schematic showing the main factors
involved in the BMP pathway. BMPs bind to BMP receptors, which activate R-Smads (Smad1,
Smad5 and Smad8). This complex associates with the Co-Smad Smad4 to subsequently
translocate to the nucleus and allow the expression of osteogenic genes. Antagonists like Noggin,
Gremlin, Smurf proteins or Tob1 constitute of checkpoints at different levels of the pathway. Image
taken from Shu et al. 2021, in Cells (42).
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The non-canonical BMP pathway is SMAD-independent. In this case, BMP
receptors interact with bone morphogenetic protein-receptor-associated
molecule 1 (BRAM1) and X-linked inhibitor of apoptosis protein (XIAP), and
downstream molecules such as TGF-B activated kinase 1 (TAK1) and TAK1
binding protein (TAB1), that form the TAB1-TAK1 complex. The downstream
signal continues with this complex activating pathways led by kinases such as
extracellular signal-regulated kinase (ERK), map kinase p38, C-Jun N-terminal
kinase (JNK), the nuclear factor kB (NFkB) and PI3K/Akt pathways signalling
pathways, which finally activate RUNXZ2, as in the canonical pathway, or other
coactivator factor such as CREB-binding protein (CBP), and trigger osteoblast

genetic program (14, 42, 43).

Antagonists of the BMP pathway have been described at multiple levels.
There are extracellular inhibitors, that sequester BMPs proteins preventing them
to interacting with their receptors and initiating the BMP cascade; examples
include noggin, chordin, gremlin, and follistatin, among other secreted proteins
(Figure 9). Additionally, the BMP and activin membrane bound membrane
inhibitor (BAMBI) receptor, serves as a pseudo-BMP receptor type | lacking
serine/threonine-kinase segment, then impeding the progression of the signalling
cascade. There are also intracellular modulators such as I-SMADs (SMAD6 and
SMAD?7), which compete with R-SMADs and block the downstream signal when
they bind to the BMP receptor. At cytoplasmatic level, SMAD ubiquitination
regulatory factors (SMURF) 1 and 2 can ubiquitinate R-SMADs leading to their
degradation by the proteasome system and blocking the pathway. In the nucleus,
transcriptional corepressors like Transducer Of ErbB-2 1 (TOB1) or Smad
interacting protein-1 (SIP1) hinder the binding of the R-SMAD complex to DNA

preventing transcription of the target genes (14, 42).

This current knowledge about MSCs and their osteogenic commitment
provides the required background for developing MSCs-based therapies for bone
regeneration (23). This topic will be addressed in depth in the next sections.
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1.4. Osteoporosis

1.4.1. Osteoporosis Landscape

Osteoporosis is the most prevalent chronic metabolic bone disorder,
according to the World Health Organization (WHO). This pathology is
characterized by low bone mass, microarchitectural deterioration of bone tissue
and decreased bone strength, which leads to an augmented risk of fractures (44)
Clinically, osteoporosis is diagnosed when patients show low bone mineral
density (BMD), as this parameter indicates low bone quantity and quality.
However, bone damage usually develops progressively with no apparent
manifestation until fragility fracture occurs. Therefore, fracture commonly
precedes diagnose if no proper BMD screening is conducted. Vertebral, humeral,
distal radius, and hip fracture are the most common type of osteoporotic fractures,
and they are coupled with secondary health problems, which affect not only life

quality but also life expectancy (45, 46).

Osteoporosis affects around 6.3% of men and 21.2% of women over the
age of 50, translating to a global impact of approximately 500 million individuals.
Each year, there are up to 37 million fragility fractures, equivalent to 70 fractures
per minute, as reported by the International Osteoporosis Society (47). Due to its
prevalence among the elderly and the increasing life expectancy, a substantial
exponential rise in cases is anticipated in the coming years. Projections suggest
a two-fold increase in osteoporosis cases over the next two decades, with 50%
of females and 20% of males over 50 expected to experience osteoporotic

fractures (44).

Fractures have significant social repercussions, including pain, infection
risks, body image alterations, and reduced mobility, thereby diminishing the
overall quality of life. Psychological distress, social isolation, or loss of autonomy
are estimated to affect 66% of women who have suffered an osteoporotic fracture
(14). In severe cases, such as hip fractures, up to 20% of patients may die within
the first year, primarily due to pre-existing medical conditions. Moreover, fewer

than half of those surviving a hip fracture regain their prior level of functionality
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(47). Economically, osteoporosis imposed a financial burden of €39 billion on the

healthcare system of the European Union in 2010 (44).

Based on 2017 data, in Spain alone, around 2.8 million individuals over 50
are affected by this condition, with 330,000 new fragility fractures occurring that
year, a figure expected to rise to 420,000 by 2030 due to demographic ageing.
The Spanish healthcare system allocated €4.2 billion, with forecasts indicating a
required increase of over 30% in 15 years, and this amounts do no considering
the indirect costs such as associated sick leaves and the impact on caregivers
due to the reduced mobility and limitations in daily activities suffered by these
patients (47)

1.4.2. Osteoporosis Pathophysiology

As discussed in the “Bone Biology” section, bone tissue is a dynamic and
integrative organ. Osteoblasts, osteocytes and osteoclasts along with their
interaction with endothelial cells, adipocytes, immune cells, hematopoietic stem
cells, among others, are regulated at various levels by direct cell-cell contact,
soluble factors and Extracellular Vesicles (EVs) (48). This intricate
communication leads to constant bone remodelling, which involves the
continuous formation and resorption of bone tissue to renew and repair the
skeleton (49).

The proper execution of bone remodelling action is essential for
maintaining bone tissue homeostasis and any alteration of this process results in
changes to bone architecture (50). In women, osteoporosis is typically caused by
oestrogen deficiency that appears during menopause. In men, age-related bone
loss is thought to be the primary cause, probably due to sex hormone levels
reduction (51). Initially, the bone mass loss linked to osteoporosis was solely
attributed to the increased osteoclasts activity. However, it is now known to also
involve the differentiation of MSCs into either osteoblasts or adipocytes (52). In
osteoporosis, this balance between osteoblast and adipocyte commitment is
disrupted leading to an increase in adipocyte production and a decrease in
osteoblasts generation. As a result, marrow fat accumulation increases while

bone formation is reduced (53).
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and

and

Over time, this imbalance in bone remodelling results in trabecular thinning
loss of trabeculae in cancellous bone, as well as reduced cortical thickness

increased cortical porosity in cortical bone. These changes contribute to a

decrease in BMD and osteoporosis disease progression (Figure 11) (53, 54).

Cortical bone

Trabecular bone

HEALTHY Bone Mass SEVERE
BONE OSTEOPOROSIS

LR A

Figure 10. Bone microarchitecture shows inverse correlation between bone mass and
fragility. Cortical and trabecular bone of are indicated using femur bone as a model. Image taken
from Daniel Garcia Sanchez PhD thesis, 2023, in Universidad de Cantabria (14).

1.4.

2. Current Treatments

Currently, osteoporosis treatments can be classified into three different

categories: anti-resorptive treatments, inhibiting osteoclast activity; bone-forming

or osteoanabolic treatments, which activate osteoblasts; and treatments with a

dual

anti-resorptive and osteoanabolic action (49).

Various types of anti-resorptive therapies are available, each exerting their

effects through distinct mechanisms of action (Figure 11):

Biphosphonates such as alendronate, risedronate, ibandronate, and

zoledronate are commonly used. Their chemical resemblance to
pyrophosphate enables them to bind to hydroxyapatite in bone tissue. By
disrupting the mevalonate metabolic pathway, these agents alter the

osteoclast's ruffled border, ultimately inducing apoptosis.
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Bisphosphonates have demonstrated efficacy in reducing bone resorption
by up to 70%, thereby enhancing BMD and lowering fracture risk.
However, prolonged bisphosphonate use may increase the risk of atypical
femoral fractures and osteonecrosis of the jaw, which are severe adverse
effects restricting their administration beyond a period of no more than 5
years (46, 49).

Denosumab, a human monoclonal IgG2 antibody, acts by binding with high
affinity to RANKL, thereby neutralising it and preventing its interaction with
its receptor (RANK) on osteoclast precursors and mature osteoclasts.
Inhibiting the RANKL/RANK pathway hinders osteoclast formation,
function, and survival, leading to reduced bone resorption. Denosumab
has been shown to lower bone turnover and significantly increase BMD
over a longer duration compared to biphosphonates. However, since
RANKL is expressed beyond osteoclasts, treatment with denosumab may
elevate the risk of cutaneous infections (such as cellulitis, including
erysipelas) and internal organ infections (pneumonia, diverticulitis, urinary
tract infections). Other complications include atypical femoral fractures,
osteonecrosis of the jaw, and hypocalcemia, limiting treatment to
approximately 8 years (46).

Selective oestrogen receptor modulators (SERMs) interact with oestrogen

receptors on osteoblasts, modulating osteoblast-derived factors that
promote osteoclast activity, thus reducing bone resorption. These agents
are commonly used for postmenopausal bone loss and osteoporosis
prevention and management. Raloxifene, an approved SERM therapy,
mimics oestrogen by inhibiting osteoclast recruitment and activation,
primarily suppressing RANKL release. While raloxifene reduces bone
turnover, increases bone mass, and lower fracture risk, its efficacy is
somewhat lower compared to bisphosphonates and denosumab. Adverse
effects associated with SERMs include hot flushes, restless legs,
peripheral oedema, gallstones, infrequent venous thromboembolism, and
in rare cases, fatal strokes in women with ischemic heart disease. Although
lasofoxifene and bazedoxifene have demonstrated anti-fracture benefits,
only bazedoxifene in combination with oestrogen is currently approved for
clinical use (46, 49).
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Osteo-anabolic therapies:

Parathyroid hormone analogues act through the parathyroid hormone type

1 receptor (PTHR) located on osteoblasts, thereby enhancing osteoblast
number, differentiation, activity, and inhibiting apoptosis, ultimately
improving bone quantity, quality, and strength. Teriparatide and
abaloparatide are the current drugs targeting the PTH1 receptor.
Teriparatide, a recombinant human PTH analogue, consists of the first 34
amino acids of the N-terminal end of PTH, while abaloparatide is a 34-
amino acid synthetic analogue of PTHrP. Both drugs significantly reduce
fracture risk, despite mild side effects such as nausea, headache,
dizziness, leg cramps, and slight hypercalcaemia. Since preclinical studies
in rats suggest an elevated risk of osteosarcoma, these treatments are
restricted to a duration of 24 months, with abaloparatide not being
endorsed by the European Medicines Agency (EMA), thus making it
unavailable outside the United States (46, 49).

Dual-acting therapies:

Anti-sclerostin__antibodies target sclerostin, an osteocyte-derived

glycoprotein regulated by the SOST gene. It has been found to regulate
bone turnover arresting osteoblastogenesis and bone formation through
the inhibition of the Wnt signalling pathway in osteoblasts, which play a
crucial role in bone formation (55). Romosozumab, by binding to
sclerostin, prevents its inhibitory effect, allowing Wnt ligand to bind to LRP-
5 or LRP-6 Wnt receptors, activating the signalling pathway and promoting
bone formation. Studies on bone turnover markers reveal that the unique
mechanism of action of Romosozumab, increases bone formation and
decreases bone resorption. The reduction in bone resorption is suggested
to be linked to increased expression of OPG (osteoprotegerin), which acts
as a decoy receptor to RANKL, thereby diminishing RANKL-RANK
binding, and reducing osteoclastogenesis and bone resorption (56).
Romosozumab has shown improved BMD and reduced fracture risk
compared to Denosumab and Alendronate, making it a promising therapy.

Nevertheless, the use of Romosozumab in clinical practice has some
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drawbacks, such as the fact that bone formation reaches a plateau within
6 months of continued treatment. In addition, there are reports of
cardiovascular adverse effects, and its costly nature as a humanised

antibody implies an economic challenge (49).

Although effective when applied correctly, current therapies require
intricate decision algorithms by clinicians to tailor treatments for each patient,
often involving combination or sequential therapies to mitigate potential long-term
adverse effects. Therefore, the imperative to enhance and streamline therapies
persists to facilitate clinical practice and treatment adherence, urging the ongoing

development of cost-effective treatments (45, 54).
1.4.3. Mesenchymal Stem Cells: Problem and Solution

Considering the weakened osteogenic capacity of MSCs as a contributing
factor to osteoporotic pathology, the use of healthy MSCs appears to be a viable
strategy for mitigating or reversing symptoms of osteoporosis. Numerous
preclinical therapeutic endeavours have been conducted recently to explore this

approach.

Most experimental investigations employing MSCs as a treatment for
osteoporosis have been carried out using animal models such as mice, rats, and
rabbits. These studies have explored various osteoporotic models including the
glucocorticoid-induced model, immune-deficient model, and the senescence
accelerated mouse prone 6 (SAMP6) model, which mimics age-related
osteoporosis. Among these models, the rat ovariectomy model is frequently
referenced due to its ability to induce bone loss resembling postmenopausal
osteoporosis in women, without hormonal or pharmacological interventions.
Various sources of MSCs have been utilized, with bone marrow-derived MSCs
being the most commonly employed, though adipose-derived and umbilical cord-
derived MSCs have also been studied. These cells have been administered either
locally or systemically. Studies have reported positive outcomes in the
osteoporotic phenotype, including improvements in bone microarchitecture,
strength, stiffness, the formation of ossification cores at the histological level, and

increased expression of osteogenic markers (52, 57-64).
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Efforts to refine this therapeutic approach have included genetic
modifications to MSCs to promote engraftment and differentiation at osteoporotic
sites (65, 66), targeted delivery of cells, or the use of scaffolds to facilitate
implantation (67, 68). An interesting method developed by our research group
involved silencing Smurf1 gene in rat MSCs and incorporating them into scaffolds
implanted in calvaria bone defects in ovariectomized Sprague-Dawley rats,

resulting in augmented bone regeneration compared to control subjects (69).

In the field of clinical trials, MSCs have shown promise as a therapeutic
option for various diseases, as demonstrated by their clinical efficacy (39).
Approved medications like Alofisel, designed for treating complex perianal fistulas
in Crohn's disease patients (70), underscore the clinical potential of MSC-based
therapies. However, there is a noticeable lack of clinical trials specifically targeting
osteoporosis. A search on clinicaltrials.org (38) reveals only five registered trials
at present, with one ongoing (NCT04501354), one concluding with positive
outcomes (NCT01532076) (71), one completed without reported results
(NCT02566655), and two suspended (NCT05152381; NCT05284604).

These findings reflect the challenges associated with MSC-based
therapies, such as low engraftment rates, survival issues, and potential
tumorigenicity (72, 73), further compounded by the complexities of osteoporotic
pathology, a systemic condition necessitating systemic treatment that may lead
to complications like fibrosis (74) or pulmonary embolism (75) following venous
infusion. Furthermore, the efficacy of MSC therapies is still debated due to
significant variations, mainly attributed to differences in age of the donor, in vitro
passage number, culture conditions, administration procedure, and pathological
microenvironments faced by the transplanted cells (76, 77). Consequently, further
research is necessary to enhance the reproducibility and safety of MSC-based

therapies and to uncover the precise mechanisms behind the regenerative effect.
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1.5. Mesenchymal Stem Cell Secretome

1.5.1. MSC Secretome as a Cell-free Therapy

The secretome can be defined as the set of substances produced by cells
and released into the extracellular milieu. These factors comprising the autocrine
and paracrine communication system of cells consist of soluble proteins (growth
factors, cytokines, antioxidants...), free nucleic acids, lipids, and Extracellular
Vesicles (EVs), which are further divided into apoptotic bodies, microvesicles,

and exosomes, carrying proteins and nucleic acids including microRNAs (78).

In recent years, the focus on MSC-based therapies has shifted from
engraftment and differentiation to paracrine signalling as the primary determinant
of therapeutic effect (76). Multiple studies support this assertion (79-83), having
quantified that between 50% and 80% of the effect corresponds to these released
factors (84). Thus, the secretome emerges as a promising tool for cell-free
regenerative therapy. Instead of transplanted MSCs, using the secretome as a

treatment offers various advantages (85):

e QOvercoming survival issues after MSCs transplantation. A considerable

number of transplanted MSCs did not survive in the host tissue (72). A
significant amount and duration of MSC engraftment are necessary for the
cells to directly enhance tissue repair. Expanding MSCs in vitro multiple
times to overcome this hurdle may induce genome instability and increase
the risk of tumorigenesis in MSCs.

e Reduced immunogenic risk. Although the absence of MHC-II and other

markers means that MSCs generate low immunogenicity, among the
components of the secretome there are fewer cell surface proteins, further
lowering this risk. This low immunogenicity implies that the cells do not
need to come from the patient, making it possible to have a ready-to-use
product, shortening the time between diagnosis and treatment (85).

e Ease of production. With current advances in dynamic culture, itis possible

to maintain MSCs for extended periods, consistently generating

secretome under controlled conditions, thus creating a scalable and
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reproducible method for secretome production (86). Additionally, this
contributes to a more cost-effective production.

o Tailor-made product. The secretome exhibits plasticity allowing it to alter

its composition in response to specific stimuli (78), such as factors in the
culture medium or exposure to inflammatory agents, among others. This
process, known as preconditioning or priming enables secretome-based
therapies to be adapted to fit the specific requirements of damaged tissues
(87). We will revisit this topic in detail later.

e Similar to conventional medicine. MSCs secretome may be evaluated for

safety, dosage and potency similarly to conventional pharmaceutical
compounds (85), facilitating their approval by regulatory agencies.

o Simplified storage. The secretome can be stored safely and without loss

of potency. Additionally, the use of cryoprotective agents, which are
needed to freeze cells, is avoided, thereby preventing toxicity associated

with these substances (78).

1.5.2. Mesenchymal Stem Cell Secretome Components for Bone

Regeneration

The discovery that a significant portion of the regenerative effect of MSC-
based therapies is attributable to the MSC secretome has led to extensive efforts
to characterise the bioactive factors within it that are responsible for these
beneficial properties in regenerative medicine. Although the composition of the
secretome may vary depending on the tissue of origin, isolation methodology, age
of donor, culture medium chosen and the species from which the MSCs originate

(88), several factors have been recognized as consistently present.
1.56.2.1. Mesenchymal Stem Cell soluble factors

A total of 1,533 proteins have been detected in the soluble fraction
secreted by MSCs, known for their roles in various beneficial functions across
regenerative processes, including immune modulation, anti-apoptotic actions,

antioxidant properties, and pro-angiogenic effects (77).

One of the primary functions of MSC-based therapies is their

immunomodulatory capabilities. There is mounting evidence supporting the
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interaction of MSC soluble factors with lymphocytes, dendritic cells (DCs), natural
killer (NK) cells, and macrophages, leading to immunosuppressive and anti-
inflammatory effects (Figure 12). Notably, MSCs release hepatocyte growth factor
(HGF), transforming growth factor-g1 (TGF-f1), indoleamine 2,3-dioxygenase
(IDO), prostaglandin E2 (PGEZ2), and IL-10, impacting the differentiation,
proliferation, and activation of T-lymphocytes while promoting polarization
towards T regulatory cells (89). The secretion of PGE2, IDO, TGF-1, interleukin-
6 (IL-6), and nitric oxide (NO) by MSCs has been shown to significantly suppress
NK cell cytotoxicity and proliferation(89). Furthermore, IL-10, in particular, stands

out as a key inducer of M2 macrophage polarization (90).
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Figure 12. Summary of the plethora of soluble factors secreted by mesenchymal stem
cells and their functions. HGF: Hepatocyte growth factor TGF-f: Transforming growth factor—
B; IDO: Indoleamine 2,3-dioxygenase; PGE2: Prostaglandin E2; IL: Interleukin; DCs: Dendritic
cells; CCL: CC-chemokine ligand; NKs: Natural killer cells; MSCs: Mesenchymal stem cells;
CXCR: C-X-C chemokine receptor type; VEGF: Vascular endothelial growth factor; IGF: Insulin-
like growth factor; FGF: Fibroblast growth factor; Nrf2: Nuclear factor erythroid-related factor 2;
HIF: Hypoxia-inducible factor; SDF: Stromal cell-derived factor; PDGF: Plateletderived growth
factor; ANG1: Angiogenesis 1; MCP-1: Monocyte chemotactic protein-1; ROS: Reactive oxygen
species; hCAP: Human cathelicidin anti-microbial peptide; HO-1: Heme oxygenase; NO: Nitric
oxide. Image taken from previous work of our group, published in 2020 in World Journal of Stell
Cells (77).

Additional paracrine factors are secreted by MSCs, including vascular
endothelial growth factor (VEGF), IL-6, HGF, insulin-like growth factor (IGF),
fibroblast growth factor (FGF), TGF, nuclear factor erythroid-related factor 2
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(NRF2), hypoxia-inducible factor (HIF), and heme oxygenase (HO-1). These
factors play a crucial role in protecting against apoptosis in environments
characterized by intense inflammation, such as those following injuries, affecting
immune cells including T and B cells (91). It has been noted that HO-1 not only
possesses antioxidative and anti-inflammatory properties vital for cell survival,
but also leads to the up-regulation of pro-angiogenic growth factors like VEGF-A,
stromal cell-derived factor-1 (SDF-1), and HGF (92). Furthermore, the secretome
of MSCs contains additional pro-angiogenic factors such as FGF2, platelet-
derived growth factor (PDGF), angiopoietin-1 (Ang-1), and monocyte chemotactic
protein-1 (MCP-1), which have been shown to promote the differentiation of
endothelial progenitor cells. Specifically regarding bone repair, the MSC
secretome appears to enhance bone regeneration through the synergistic actions
of IGF-1 and VEGF, as evidenced by Osugi et al. in 2012 (93), who used a rat
model of bone defects. Moreover, Ogata et al. (94) successfully augmented the
osteogenic differentiation, migration, and proliferation of MSCs by employing a
combination of MCP-1, IGF-I, and VEGF, mimicking the concentrations present

in the MSC secretome.

1.5.2.1. Mesenchymal Stem Cell Extracellular Vesicles

Besides soluble components, a significant portion of the secretome
consists of Extracellular Vesicles (EVs). According to the International Society for
Extracellular Vesicles (ISEV), EVs refer to the non-replicable small particles
delimited by a lipid bilayer that lack a functional nucleus (95). EVs are produced
by most cell types and can be categorized, depending on their size and
biogenesis, into three primary classes: Exosomes, Microvesicles, and Apoptotic
bodies. Exosomes, ranging from 30-150 nm in size, are generated within the
endosomal network and released through the internal budding of multivesicular
bodies; microvesicles, with a diameter of 50-1,000 nm, are large membranous
vesicles produced by budding from the plasma membrane; lastly, apoptotic
bodies, with a diameter of 800-5,000 nm, are released by cells undergoing
programmed cell death (87, 96). Tetraspanins such as CD9, CD63, and/or CD81
are often used to identify EVs (Figure 13) (97).
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In 2010, Lai et al. (98) conducted one of the initial studies demonstrating
that the factors responsible for tissue regeneration were predominantly present
in the exosomes of MSCs (MSC-Exos). Currently, it is recognized that numerous

of these elements possess the ability to induce a pro-osteogenic effect (87).

According to ExoCarta (99), a repository of exosome content, a total of
938 functional proteins have been identified in MSC-Exos through various
independent proteomic assessments, with studies outlining a well-established

pro-osteogenic influence.

The presence of monocyte chemotactic protein-1 (MCP-1), MCP-3, and
SDF-1 in MSC-EVs has been reported. MCP-1 is known to stimulate
angiogenesis, whereas MCP-3 plays a role in promoting cell proliferation.
Moreover, MCP-1, MCP-3, and SDF-1 have the capability to attract MSCs to the
site of injury, initiating the bone regeneration process. IL-6, FGF-2, and PDGF-
BB are also identified in MSC-EVs, contributing to endothelial cell proliferation,
angiogenesis, and osteogenesis. Notably, PDGF serves as a crucial regulator in
bone fracture healing by aiding in the formation of blood vessels and bones. The
angiogenic impact of MSC-EVs reveals VEGF as a pivotal protein involved. Its
role in facilitating the migration and proliferation of vascular endothelial stem cells,
as well as in blood vessel formation, is well recognized. Additionally, VEGF
stimulate osteoblast activity, promoting an overall pro-osteogenic effect and
underscoring the significance of cellular communication between endothelial and
bone cells in bone regeneration (77). Proteomics analysis by Munshi et al. (100)
identified Angiopoietin-related protein 2 (ANGPTL2), neuropilin 1 (NRP1),
fibronectin 1, IGF-I, and TGFB-1 in MSC-EVs. ANGPTL2 and NRP1 are involved
in angiogenesis, while fibronectin 1 and IGF-I enhance the actions of
chondrocytes and osteoblasts. Furthermore, TGFB-1 promotes the migration,
proliferation, differentiation of osteoprogenitor cells, as well as cellular matrix
production (Table 1) (101, 102).
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Figure 13. Typical exosome structure. Exosomes serve as a robust mode of communication
between nearby and remote cells within the human body, exhibiting varied capabilities. These
exosomes, originating from cells like MSCs, release therapeutic cargo comprising proteins,
nucleic acids, lipids, enzymes, and metabolites. Image taken from Hade et al. 2021, in Cells (103).

In addition to proteins, MSC-EVs carry various nucleic acids, including
different types of RNA and DNA, serving as crucial mediators of intercellular
communication (Figure 13). Among these, microRNAs (miRNAs) have gathered
significant attention in recent years. MiRNAs are short RNA molecules comprising
19-25 nucleotides that post-transcriptionally regulate gene expression. More than
150 distinct miRNAs have been identified in MSC-EVs, playing roles in the
pathogenesis of numerous diseases, and emerging not only as therapeutics but

also as diagnostic tools (104, 105).

Recent studies have identified several miRNAs within MSC-EVs that
influence bone homeostasis. A comprehensive overview of key miRNAs found in
EVs cargo and their specific roles in bone regeneration is presented in Table 1
(77).
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Table 1. Main proteins and miRNAs in MSCs-EVs cargo having an effect in bone
homeostasis. Their functions and references are indicated. Table taken from previous
work of our group, published in 2020 in World Journal of Stell Cells (77).

MSC-EVs cargo

Proteins Bone healing functions References
Induces angiogenesis and MSCs recruitment to
MCP-1 o , (106)
Injury site
Promotes cell proliferation and MSCs recruitment
MCP-3 o (106)
to injury site
SDF-1 a Recruits osteoprogenitor cells to wound area (107)
Induces endothelial/lendothelial progenitor cell
IL-6 L _ . . (106)
proliferation angiogenesis and osteogenesis
Fosters proliferation, differentiation and migration
FGF-2 (108-110)
of vascular cells, chondrocytes and osteoblasts
Promotes mesenchymal proliferation, potentiates
PDFG-B cartilage and intramembranous bone formation (102, 108, 111)
and stimulates angiogenic pathways
Promotes revascularization, regulation of
vascular endothelial cell migration, proliferation,
VEGF _ _ _ (112)
and capillary production, and improves the
cellular activity of osteoblasts
ANGPTL2 Potentiates sprouting in endothelial cells (102)
Collaborates in cell movement and migration and
Fibronectin provides provisional fibers in cartilaginous (108)

matrices
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IGF-I

TGF-B1

NRP1

microRNAs

miR-10a

miR-10b

miR-218, miR-
92a and miR-
199b

miR-217 and
miR-34
miR-375, miR-
2164, let-7c
and miR-22

miR-196a

miR-494

Induces collagen synthesis, reduces collagen

degradation, promote clonal expansion of
chondrocytes and proliferation of preosteoblastic
cells, and regulates migration of osteoblasts and

MSCs

Chemoattraction of macrophages, enhances

migration, proliferation and differentiation of
osteoprogenitor cells and cellular matrix
production

Induces endothelial cell migration and regulates
other proangiogenic actions through VEGF family
and PDGFR

Bone healing functions

Improves mesenchymal stem cell differentiation

capacity of hBM-MSCs and reduces cell

senescence

Increases in vitro migration of BM-MSCs

Enhance osteoblast differentiation of BM-MSCs

Promote and osteoblast

differentiation of BM-MSCs

proliferation

Stimulate osteogenic differentiation of hAD-MSCs

Increases osteogenic differentiation of hAD-

MSCs and osteogenic activity of osteoblasts

Induces endothelial cell migration

(108)

(102, 108, 113)

(100)

References

(114)

(115)

(116, 117)

(116, 118)

(119-121)

(122, 123)

(124)
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miR-129 and _ ] _
_ Promote endothelial cell proliferation (125)
miR-136
miR-130a, miR-
135b, let-7f and Promote vascular tube formation (126-128)
miR27b
_ Enhances of endothelial migration and tube
miR-1246 (129)

formation

miR-23a and  Cause migration, proliferation and tube formation
_ . (130, 131)
miR-424 of endothelial cells

_ Fosters prevention of cell senescence, migration
miR-214 _ _ (132, 133)
and tube formation endothelial cells.

miR-27a, miR-
206, miR-29b, _ o
_ Induce osteogenic activity of osteoblasts (122, 134-136)
miR-181a and
miR-302a
Assists osteogenic differentiation, migration and
senescence prevention in BM-MSC; migration
miR-21 and proliferation of fibroblasts; migration, (137-140)

proliferation and ability to form endothelial tubes

of endothelial cells.

MSC: Mesenchymal stem cell; EVs: Extracellular vesicles; MCP: Monocyte chemotactic protein;
SDF-1: Stromal cell-derived factor-1; IL-6: Interleukine-6; FGF-2: Fibroblast growth factor-2;
VEGF: Vascular endothelial growth factor; ANGPTL: Angiopoietin-related protein; IGF: Insulin-like
growth factor; TGF-fB: Transforming growth factor—3; NRP1: Neuropilin 1; miR: microRNA; hAD:
Human adipose; BM: Bone marrow; BMM: Bone marrow monocytes; RANKL: Receptor activator
of nuclear factor kappa ligand.

MiR-10a enhances MSC stemness and reduces senescence, while miR-
10b boosts cell migration. MiR-218, miR-92a, miR-199b, miR-375, miR-216a, let-
7c, miR-22, and miR-196a promote osteoblast differentiation in MSCs, with miR-
217 and miR-34 additionally enhancing MSC proliferation. Furthermore, miR-
196a, miR-27a, miR-206, miR-29b, miR-181a, and miR-302a are known to
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stimulate osteoblast activity. Angiogenesis is a crucial process in various repair
mechanisms, including bone formation, with several miRNAs found in MSC-EVs

playing roles in this process.

MiRNAs such as miR-494, miR-129, miR-136, miR-130a, miR-135b, let-
7f, miR27b, miR-1246, miR-23a, and miR-424, miR-214 contribute to different
aspects of angiogenesis, including endothelial cell migration, proliferation, and

tube formation (77).

MiR-21 deserves particular attention within this section. This specific
miRNA was found at notably high levels in MSC-EVs during experiments
conducted by Furuta et al. (141) and Nakamura et al. (124). It has been
associated with anti-apoptotic effects and the prevention of cell death induced by
H202. Additionally, research has shown that miR-21 enhance the migration and
proliferation of fibroblasts, as well as induces migration, proliferation, and tube
formation in endothelial cells. Recent studies by Yang et al. (140) have
demonstrated that miR-21 not only stimulates osteogenic differentiation and
migration of BM-MSCs in vitro, but also upregulates the expression of
angiogenesis-related genes (HIF-1a and VEGF). Notably, enhanced new bone
formation was observed in critical-size defects in rat and canine animal models
following treatment with miR-21-modified MSCs seeded in B-tricalcium
phosphate (B-TCP) scaffolds.

1.5.3. Mesenchymal Stem Cell Secretome for Treating Bone-related

Diseases

Several experimental models have been utilized to explore the potential of
the MSC secretome in treating bone-related disorders. In vitro studies have
revealed that the MSC secretome can enhance osteogenesis in MSCs and
promotes angiogenesis in endothelial cells (94, 142, 143). Moreover, the
therapeutic efficacy of MSC secretome has been validated through in vivo models
including calvaria defects, distraction osteogenesis, and osteonecrosis (101, 142-
144).

The utilization of MSC-EVs has recently gained significant attention due to

their regenerative potential and potential role as biocarriers (145). Numerous
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studies have highlighted the pro-osteogenic effects of MSC-EVs in various
experimental settings. Generally, MSC exosomes have demonstrated efficacy in
promoting bone regeneration in animal models of bone defects (such as calvaria
defects and fractures) and diseases like osteonecrosis and osteoporosis. These
studies showed that MSC exosomes stimulate new bone formation along with
vascular support, leading to enhanced morphological, biomechanical, and
histological outcomes. Positive effects on cell survival, proliferation, migration,

osteogenesis and angiogenesis, have also been observed (146, 147).

Among the most relevant works, Furuta et al. (141) reported that in a femur
fracture model of CD97/- mice lacking MSC-EVs production, there was a notable
delay in bone union due to impaired callus formation. This study also
demonstrated that secretome depleted of MSC-EVs failed to promote fracture
healing, whereas the application of MSC-EVs led to a shortened healing time
compared to wild-type controls, resulting in enhanced healing processes. Qi et
al. (148) investigated the use of MSC-EVs in combination with B-tricalcium
phosphate (B-TCP) scaffolds in critical-size calvaria defects in osteoporotic model
rats. The results indicated a significant dose-dependent increase in bone
microarchitecture and neovascularization parameters, as well as elevated levels
of osteogenic (OCN and OPN) and vascular markers (CD31). Quayoom et al.
(149) revealed in their research on osteoporosis that MSC-EVs provoked a
reduction in the osteoporotic phenotype in ovariectomised rats. These findings
were supported by Qiu et al. (150), who also noted an enhancement of in vitro

osteoblast proliferation and differentiation, alongside inhibited apoptosis.

It is worth mentioning that the first clinical case report using secretome
MSCs in patients was documented in 2017 (151). These patients required bone
augmentation prior to dental implant placement. No systemic or local
complications were reported throughout the study and radiographic evaluation
revealed early bone formation in all cases. Although few clinical trials have been
conducted with secretome at present, it has so far been reported to be safe
feasible and practical to use as it can be efficiently stored and transported

efficiently as a ready-to-use product (38, 85).
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1.5.4. Mesenchymal Stem Cell secretome Preconditioning

A key benefit of utilizing MSC secretome for therapeutic purposes lies in
its ability to be tailored to the specific needs of damaged tissue by adjusting both
its composition and exosome cargo. This adaptability is attributed to the MSC
secretome reflecting cellular cytosolic activities and MSCs’ ability to respond to
physiological or pathological changes, thereby maintaining homeostasis. Various
strategies have been developed to precondition the MSC secretome and
exosome cargo for an improved outcome in bone regeneration (Figure 14) (78,
87).

Hypoxia stands out as a prevalent method for priming MSCs to enhance
the production of a secretome with greater regenerative potential. Culturing
MSCs under hypoxic conditions, replicating the in vivo MSC niche
microenvironment, allows cells to maintain their biological features, thereby
amplifying regenerative, cytoprotective effects, and secretion of bioactive factors
(152). Notably, increased proangiogenic, immunomodulatory, chemoattractant,
anti-apoptotic, and antifibrotic activities has been demonstrated, with an elevation
in factors such as VEGF, TGF-B1, angiogenin (Agn), granulocyte-macrophage
colony-stimulating factor (GM-CSF), SDF-1, or MCP-1 (87, 153). Recent
research indicates that hypoxic preconditioning of MSCs enhances the
therapeutic efficacy of their exosomes in various injuries, including bone fractures
(124). This improved bone regeneration capability of exosomes is frequently
associated with raised pro-angiogenic activity (154) and increases in levels of
miRNAs such as miR-126, miR-210-3p, let-7f-50, miR-4732-3p have been linked
to this phenomenon (154-156).

The addition of proinflammatory stimuli into the culture medium has also
received significant attention as a viable approach for manipulating the MSC
secretome. An acute inflammatory phase is crucial for initiating an effective
regeneration process, as it attracts immune cells and MSCs to the injury site,
thereby triggering a series of reparative mechanisms (157). Commonly used
factors such as IL-1B, IFN-y, TNF-a, and lipopolysaccharide (LPS) are employed
to induce this initial inflammatory response, which leads to subsequent anti-

inflammatory and angiogenic effects, including inhibition of peripheral blood
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mononuclear cell proliferation, promotion of the M2 macrophage phenotype,
induction of T-cell anergy, and enhancement of MSCs’ anti-fibrotic therapeutic
potential (87, 158). These outcomes ultimately facilitate bone regeneration (159,
160). Increased release of molecules such as HGF, SDF-1, VEGF, PGEZ2, IDO,
IL-10, TGF-B, MCP-1, and miRNAs like miR-15b, miR-19b, and miR-22 within the
MSC secretome has been documented, supporting the mentioned effects (76,
161, 162).

Untreated
MSC
F : 2}
Stimuli  Hypoxia Inflammatory ~ Bioactive Spheroid Cell-substrate  Genetic
priming factors culture interaction edition
& ™Fa i PGE2 | FoF2 w
o0 g0 & DMOG - N
( ws TGFp3 ¢
.
7 7 /) 4
K - »

Primed-
MSC
secretome
'y
I 1 | |l 1
Cytoprotective Growth Pro-angiogenic Immunomodulatory .
Molecules factors factors cytokines Chemokines

| | | A |
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Cell survival restoration/protection Vascularization Immunomodulation attenuation Chemoattraction

Figure 14. The commonly used MSCs’ secretome modulation methods to enhance their
therapeutic properties. Hypoxia, inflammatory factor priming, induction of bioactive factors,
spheroid culture, cell-substrate interaction, and genetic edition are the most well-studied stimuli
that have been reported to treat different pathologies using primed secretome. Image taken from
previous work of our group, published in 2022 in Handbook of Stem Cell Therapy (87).

MSCs have been preconditioned by adding a diverse array of bioactive
molecules to the culture medium during cell cultivation. For instance,
incorporating dimethyloxaloylglycine (DMOG), a small molecule recognized for
its capacity to stabilize hypoxia-inducible factor 1a (HIF-1a), or deferoxamine
(DFO), an iron chelator, present a strategy to mimic hypoxic conditions without
subjecting cells to actual hypoxia. This hypoxia-mimicking agent boosts the

expression of angiogenic growth factors in MSCs and has exhibited significant
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efficacy in promoting bone regeneration (76). The presence of growth factors like
FGF-2 and BMP-2 in the MSC culture medium has shown a positive impact on
MSCs by fostering in vitro osteogenesis and bone formation in critical bone
defects and ectopic models, as these factors play pivotal roles in MSCs stemness

and osteogenesis signalling pathways (163, 164).

Interestingly, two seemingly unrelated molecules to bone homeostasis,
trichostatin A (TSA), a histone deacetylase inhibitor, and tauroursodeoxycholic
acid (TUDCA), a molecule involved in lipid transport and cholesterol homeostasis,
have proven to be effective preconditioning agents. MSC secretome primed with
TSA exhibited elevated MSC osteogenesis in vitro, with secretion of MSC-EVs
enriched in osteogenic miRNAs and facilitated bone formation in vivo. Similarly,
MSC secretome treated with TUDCA demonstrated enhanced osteogenic
capability alongside an anti-inflammatory effect (165, 166). Various other
substances such as resveratrol, omentin-1, and thrombin have been extensively
explored for their potential to enhance angiogenesis (167, 168), while valproic
acid, melatonin, PGE2, substance P (SP), and tetrandrine have been observed

to render MSCs more anti-inflammatory (76, 169, 170).

While two-dimensional (2D) culture is commonly used for MSC growth in
vitro, it is important to note that this setting deviates from physiological conditions.
The 2D culture method leads to a reduction of essential receptors, an increase in
pro-inflammatory chemokines expression, and a lack of cell-cell interactions, thus
diminishing MSCs stemness. In contrast, researchers have explored spheroid
formation and scaffold utilization as viable alternatives. The transition to culturing
MSCs as spheroids induces alterations in cell-cell and cell-matrix interactions,
consequently impacting cell morphology, cytoskeletal organization, intracellular
signalling pathways, and gene expression. This approach creates a
microenvironment mimicking the natural niche of cells (87), fostering the
enrichment of immunomodulatory, angiogenic, and anti-apoptotic factors in the
MSC secretome (76, 171). Notably, the hypoxic core within MSC spheroids
prompts the upregulation of proangiogenic factors via HIF-1a and HIF-2a
cascades, alongside the release of IL-1, which reinforces the anti-inflammatory
profile (172). Studies have highlighted the heightened expression of stemness
and osteoinduction mediators in bone marrow MSC spheroids, promoting bone
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regeneration in vivo (173). The use of scaffolds allows researchers to adjust cell-
substrate interaction and customize extracellular signals critical for cell adhesion,
organization, migration, and proliferation. The properties of biomaterials,
including composition, stiffness, topography, and porosity, enable the
manipulation of the MSC secretome composition. Various investigations have
demonstrated that altering these parameters when culturing MSCs on scaffolds
enhances the regenerative secretome profile, leading to increased secretion of
factors such as VEGF, PGE2, iNOS, FGF2, LIF, MCP-1, and MCP-2 in the MSC
secretome (174-177).

Genetic engineering of MSCs has the potential to enhance the expression
of specific molecules that promote bone formation, resulting in an increased
presence of these factors in the soluble factors and extracellular vesicles derived
from MSCs. Augmenting the levels of proteins like RUNX2, BMP2, GATA 4, or
HIF-1a has been documented to boost cell viability, angiogenesis, and bone-
forming capabilities in various studies (178-182). Additionally silencing
osteogenic inhibitors is a valid approach to stimulate osteogenic commitment, as
demonstrated by Garcia-Sanchez et al (183). In this work, conducted by our
group, Secreted frizzled related protein 1 (Sfrp1), an antagonist of the Wnt/§3-
catenin signalling pathway, was transiently silenced on MSCs. This led to
osteogenic effects on osteocytes and MSCs of osteoporotic patients in vitro and
increased osteogenic profile in an ex vivo calvaria model, even resulting in the
enrichment of proteins related to osteogenesis in MSC secretome. Due to
concerns regarding the tumorigenic potential linked to genetic alterations, this
preconditioning method was not extensively investigated in the past.
Nonetheless, cell-free therapies presents a new array of opportunities by

avoiding the direct administration of genetically modified cells into patients (87).

Alternative innovative strategies, such as mechanical forces,
electromagnetic field exposure, or treatment with a combination of factors
mimicking disease conditions, have also shown promise in customizing the
secreted factors of MSCs for the treatment of bone disorders or injuries. Hence,
MSC secretome emerges as a versatile tool with vast potential for tissue

regeneration purposes (87).
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2. HYPOTHESIS AND OBJECTIVES

2.1. Hypothesis

Osteoporosis is a disease characterized by a reduction in bone mass,
leading to an increased susceptibility to bone fractures. At the cellular level, the
aetiology arises from an imbalance between bone formation and bone resorption.
This imbalance is partly attributed to a diminished efficacy of MSCs in generating
osteoblasts. The use of healthy MSCs emerged as a therapeutic option to treat
this disease. In recent times, there has been a paradigm shift in the approach to
utilizing MSCs for regenerative purposes: The primary benefits do not result from
the direct differentiation of these cells into damaged tissue, but rather from the
secretion of proteins and extracellular vesicles containing factors that induce a

regenerative impact on resident cells, known as the secretome.

Previous investigations by our research group have shown that silencing
Smurf1 expression, an inhibitor of the BMPs pathway, in MSCs enhances the
osteogenic potential of these cells, significantly promoting bone formation in vivo.
Since the secretome of MSCs mirrors the state of the cells themselves, we
posited that the inhibition of Smurf1 expression in MSCs would result in the
generation of a more osteogenic secretome. This highly osteogenic
secretome would represent an optimal candidate for an alternative therapeutic
approach to manage osteoporosis. The inherent properties of the secretome
would facilitate its clinical application and the recent advancements in scalable
methodologies for secretome production would render it a financially viable

treatment option necessary for addressing this medical condition.
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2.2. Objectives

The main objective of this thesis is to produce an osteogenic secretome from
MSCs to regenerate bone tissue by silencing an inhibitor of the osteogenic
signalling pathway of the BMPs, Smurf1. This main objective is divided into

several secondary objectives.

1. To effectively silence Smurf1 expression in MSCs using a specific
antisense oligonucleotide system called GapmeRs, in order to
subsequently harvest the secretome of these cells.

2. To assess the in vitro effect of the MSC secretome on the osteogenic
capacity of MSCs.

3. To examine the in vitro effect of the MSC secretome on proliferation and
migration of MSCs.

4. To evaluate the in vivo effect of the MSC secretome on the osteogenic
capacity of MSCs.

5. Characterisation of the secretome. Separation of the soluble and vesicular
fractions to study the osteogenic capacity of each of the fractions
separately, as well as a proteomic analysis of their components.

6. To evaluate the effect of the MSC secretome on other cells of the bone

microenvironment: osteocytes and osteoclasts.
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3. MATERIALS AND METHODS

3.1. Primary MSCs Harvesting and Culture

Rat MSCs (rMSCs) were obtained from two month-old healthy Sprague-
Dawley rats. These cells were cultured from the bone marrow of femurs, as
previously described (184). The animals were sacrificed using a CO2 chamber.
The work was performed under aseptic conditions in a Class |l Biosafety Cabinet.
To begin the femur extraction, the skin from the back of the knee was removed
using a scalpel. Holding the tibia, the muscles around the leg were removed by
scraping with the scalpel. The tibia and femur were separated applying gentle but
sustained force to hyperextend the knee joint, allowing the tibia to be removed
without breaking the femur. Once the femur was held by its distal end, the scalpel
was introduced into the acetabulum and force was applied to separate the joint
and free the proximal region of the femur. Remaining soft tissues were cleaned
with a gauze and femurs were sprayed with ethanol 70% and placed in a cell
culture dish with 1X Phosphate saline buffer (PBS) (Cat. 12821680, Fisher
Scientific, Hampton, NH, USA). Next, both ends of the femurs were carefully cut
with the scalpel and MesenPRO RS Complete Medium, containing MesenPRO
RS supplements (Cat.12746012, ThermoFisher Scientific, Waltham, MA, USA)
and GlutaMAX supplement (Cat. 35050061, ThermoFisher Scientific, Waltham,
MA, USA) was flushed through the medullary canal using a 22G needle. Cell
aggregates were dissolved by gently passing the culture medium several times
through the needle. Finally, rMSCs from every femur were seeded in an individual
25cm? flask with 5 mL of MesenPRO RS complete medium. Cells were left to
form colonies and proliferate for 10-14 days at 37°C and 5% CO2in MesenPRO
RS complete medium and were allowed to grow until confluent, performing only

one cell passage after this to avoid replicative senescence.

Human MSCs (hMSCs) were isolated from femoral heads of patients
suffering from osteoporotic fractures and requiring hip replacement surgery,
following previously described protocols (185). Bone cylinders were extracted
from the femoral head using a trephine and placed in a 50 mL Falcon tube
containing 35 mL of PBS. Then, bone cylinders were vortexed for 30 seconds

and PBS containing MSCs was filtered with a 0.7 ym nylon cell strainer (Cat.
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431752, Corning Life Science, Glendale, Arizona, EEUU) and collected. Another
35 mL of PBS were then added to the 50 mL Falcon tube containing the bone
cylinders and this step was repeat two times more. Approximately 100 mL of PBS
with cells were collected in two 50 mL falcon tubes. These tubes were centrifuged
2,000 rpm for 5 min at room temperature (RT). The supernatant was discarded,
and the cell pellet was resuspended in 5 mL of PBS and subsequently subjected
to a Ficoll gradient (Cat. 17144002, Ficoll-Paque PLUS, Cytiva, Marborough, MA,
USA) by adding very carefully the resuspended cells over the Ficoll solution in a
15 mL Falcon tube. Cells were centrifuged for 20 min at 2,000 rpm and 4°C, with
acceleration at medium speed and no brakes to avoid disturbing the gradient.
The interphase containing mononuclear cells was visible after centrifugation,
which was collected and washed using PBS in a 50 mL tube. This tube was
centrifuge for 5 min at 2,000 rpm at RT and the cell pellet was resuspended in 5
mL of MesenPRO RS complete culture media and placed into a 25cm? flask.
Similarly to the rMSCs culture, hMSCs were left to proliferate and expand for 14-
20 days at 37°C and 5% COzin MesenPRO RS complete media applying just
one passage to avoiding replicative senescence. Twenty-three women between
65-85 years old were studied. All of them give their consent to the experimental
procedure. Patients with cancer, severe chronic disorders or under the influence

of medications known to impact bone metabolism were excluded from the study.

3.2. Culture of Mesenchymal Stem Cell Lines ASC52telo and
C3H10T1/2.

Human MSC line ASC52telo (Cat. SCRC4000, ATCC, Manassas, VA,
USA) and mouse MSC line C3H10T1/2 (Cat. CCL-226, ATCC, Manassas, VA,
USA) were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) with high
glucose, L-glutamine, phenol red and sodium pyruvate (Cat. 31966021,
Invitrogen, Waltham, MA, USA), supplemented with 10% Fetal Bovine Serum,
FBS (Cat. 1020064, ThermoFisher Scientific, Waltham, MA, USA), and 1%
penicillin-streptomycin (Cat. 15140122, ThermoFisher Scientific, Waltham, MA,
USA). In addition, 0.2 mg/mL of geneticin, G418 Sulphate (Cat. 11811023,
Corning, Manassas, VA, USA), antibiotic activity was needed to maintain

immortality of ASC52telo cell line.

58



Materials and Methods

Cell passages were performed using TrypLE Express Enzyme (Cat.
12604021, Thermo Fisher Scientific, Waltham, MA, USA). Culture medium was
discarded, and cells were washed with PBS. TrypLE solution was added and left
to act for 5 min at 37°C. Then, trypLE was inactivated using a low amount of FBS.
For counting cells, Trypan Blue staining 0.4% (Cat. T10282, Invitrogen, Waltham,
MA, USA) was used and the number of cells was determined using a Neubauer

chamber. The same passage procedure was applied for primary MSCs.
3.3. ASC52telo Cells Mesenchymal Characterization

ASC52telo characterization was accomplished by Wolbank et al. when
establishing this cell line (186). However, culture observation, osteogenic,
adipogenic and chondrogenic differentiation, and mesenchymal markers

confirmation were performed to verify the identity of the cells received.

Cell culture morphology was evaluated using a Nikon inverted Phase

Contrast Microscope (Nikon Instruments Inc., Melville, NY, USA).

For osteogenic differentiation capacity, 20,000 cells/cm? were seeded in
DMEM with 10% FBS and 1% penicillin-streptomycin (complete DMEM) and were
left to attach overnight at 37°C and 5% CO2. Then, complete DMEM was replaced
by DMEM supplemented with 2 mM B-glycerophosphate (Cat. G9422, Sigma-
Aldrich, Burlington, MA, USA), 50 uM ascorbic acid (Cat. A4034, Sigma-Aldrich,
Burlington, MA, USA) and 0,1 uM dexamethasone (Cat. D4092, Sigma-Aldrich,
Burlington, MA, USA). Half of the osteogenic medium was refreshed every 2-3
days for 20 days. Mineralization is the most important mark of osteogenesis and
alizarin red staining allows to show the level of mineralization dyeing calcium
deposits in red. The alizarin red staining was conducted using a modified version
of a previously documented procedure (187). The staining of cell monolayers was
carried out by removing the culture media and adding 70% ethanol for 1 hour at
RT to fix the cells. After ethanol 70% incubation, each well was washed three
times with distilled water and 500 pL of Alizarin red solution at pH 4.2 (Cat. A5533,
Sigma-Aldrich, Burlington, MA, USA) was left to act for 10 min. The staining was
discarded, and each well was carefully washed 3 more times with distilled water.
Wells were left to dry, and images were taken using the macro mode of a

Samsung Galaxy A51 5G camera (Samsung Electronics, Seoul, South Korean).
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The adipogenic capacity was measured using lipid-rich vesicles Oil Red
staining. 15,000 cells/cm? were seeded and left overnight in completed DMEM at
37°C and 5% CO2 to allow attachment. The next day, culture medium was
replaced by completed DMEM supplemented with 5 mM dexamethasone, 250
mM, 3-isobutyl-1-methylxanthine (IBMX; Cat. 15879, Sigma-Aldrich, Burlington,
MA, USA), 200 mM rosiglitazone (Cat. R2408, Sigma-Aldrich, Burlington, MA,
USA) and 1 mg/ml insulin (Cat. 126343, Sigma-Aldrich, Burlington, MA, USA).
This adipogenic medium was refreshed every 2-3 days for 12 days. Then, cells
were washed twice with PBS and fixed using 10% formaldehyde (Cat. Ht501128,
Sigma-Aldrich, Burlington, MA, USA) for 5 min at RT followed by a second fixing
incubation again with 10% formaldehyde for 1 hour at RT. Once cells were fixed,
wells were washed with 60% isopropanol (Cat. 190764, Sigma-Aldrich,
Burlington, MA, USA) and were left to dry for at least 10 min. Once the wells dried
out, Oil Red solution (Cat. 00325, Sigma-Aldrich, Burlington, MA, USA) was
added for 10 min at RT. Next, the Oil Red solution was removed, and wells were

washed three times with distilled water. Pictures were taken after the staining was
dry.

The chondrogenic differentiation was done by detaching, counting and
resuspending cultured ASC52telo cells in MesenPRO RS Medium with
MesenPRO RS and GlutaMAX supplements to a final concentration of 80,000
cells per 5 pL. Then, the cell suspension was thoroughly homogenised, and 5 pL-
drops were placed into 48-well culture plates wells. Drops were incubated for 30
min at 37°C and 5% CO2 to form cartilage spheroids. Next, StemPro
Chondrogenic differentiation kit (Cat. A1007101, ThermoFisher Scientific,
Waltham, MA, USA) was used according to manufacturer guidelines:
Chondrogenesis Supplement was diluted 1:10 in Chondrocyte Differentiation
Basal Medium. 200 pL of the chondrogenic solution were added very carefully on
the walls of each well to not disturb the drops. This solution was refreshed every
3 days. ASC52telo cartilage spheroids were collected after 18 days, fixed in 70%
ethanol, and submerged in Alcian blue solution (Cat. ab145250, Abcam,
Cambridge, UK) for 20 mins. Spheroids were washed with PBS and images were

taken.
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The mesenchymal and non-mesenchymal markers presence was
assessed by multiparametric flow cytometry. Around 200,000 ASC52telo cells per
tube were harvested in FACS Buffer (PBS, 5% FBS and 0.1% Sodium Azide).
Antibodies used for the MSCs characterization were as follows: CD34-PE (Cat.
130-098-140, Miltenyi Biotec, Bergisch Gladbach, Germany), CD45-PerCP (Cat.
130-113-120, Miltenyi Biotec, Bergisch Gladbach, Germany), CD73-APC (Cat.
130-123-802, Miltenyi Biotec, Bergisch Gladbach, Germany), CD90-VioBlue
(Cat. 130-119-890, Miltenyi Biotec, Bergisch Gladbach, Germany) and CD105-
FITC (Cat. 130-098-774, Miltenyi Biotec, Bergisch Gladbach, Germany).
Antibodies were added at indicated concentrations and cells were incubated 20
min at 4°C in the dark. After the incubation time, samples were washed by adding
PBS and centrifuging at 2,000 rpm for 5 min to allow excess antibody removal.

200 pL of FACS Buffer were added per tube to proceed with the analysis.

Flow cytometry was carried out using a FACSCanto Il flow cytometer
(Becton Dickinson, New Jersey, USA) using FACSDiva Software (BD

Biosciences, San Diego, USA).
3.4. MSCs Transfection Using Gapmers

For gene silencing, we used Locked Nucleic Acid Antisense
Oligonucleotides (LNA-ASOs) from Exigon (Qiagen, Vnlo, The Netherlands)
whose clinical safety and high effectiveness have been well established (69).
These molecules are single-stranded deoxyribonucleotides of 14-20 base pair
long that can specifically bind to target mMRNA creating a recognition site for the
RNase H then causing its degradation. GapmeRs possess a unique structural
design with a fully phosphorothioate (PS)-modified backbone, conferring
enhanced efficiency due to the augmented stability and resistance to
endonuclease degradation. GapmeRs were delivered to the cells via lipofection,
using Dharmafect (Cat. T-2005-01, Dharmacon, Horizon Discovery, Cambridge,
UK), following the manufacturer’s guidelines, as described in our previous work
(69). Briefly, on the preceding day, rMSCs and C3H10T1/2 were seeded at 20,000
cells/’cm? and the ASC52telo line at 15,000 cells/cm?. Two hours before
transfection, the culture medium was replaced by serum-deprived Opti-MEM |
medium (Cat. 31985047, ThermoFisher Scientific, Waltham, MA, USA). Opti-
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MEM | medium and the recommended amount of Dharmafect lipofection agent
(Table 2) were mixed and incubated at RT for 5 min. Separately, Opti-MEM |
medium was mixed with the GapmeR before being added dropwise to the
Dharmafect mix (Table 2). The resulting mixture was incubated for 20 min at RT
and then added dropwise to the seeded cells, which were subsequently left at
37°C. Twenty-four hours later, an equal volume of DMEM supplemented with 10%
FBS and 1% penicillin-streptomycin was added to the Opti-MEM | medium and

cells were incubated for an additional 24 hours at 37°C.

To test the efficiency of GapmeR delivery, we used Antisense LNA
GapmeR Negative Control A (Cat. 339516 LG00000002-DFA) labeled with
fluorescein (FAM). After completing the transfection protocol, the cells were
collected, washed, and resuspended in FACS buffer (PBS, 5% FBS and 0.1%
Sodium Azide) for flow cytometry analysis. A FACSCanto Il flow cytometer with
FASCDiva Sofware (BD Bioscience, San Diego, CA, USA) was used to for this

analysis.

Specific GapmeRs from Exigon were acquired for Smurf1/SMURF1
silencing in human (Cat. 3633952 LG00783776-DDA), rat (Cat. 3688232
LG00220909-DDA) and mouse (Cat. 339511 LG00220909-DDA) cells®.
Smurf1/SMURF1 GapmeRs were design to be complementary to a sequence
located in exon 12 (69).

Table 2. Amounts of reagents used for Dharmafect lipofection. VVolumes are referred to one
well.

Dharmafect mix GapmeR mix Total
. GapmeR . volume
Plate Dharmafect | Opti-MEM (5uM) Opti-MEM per well
24-well plate 0.5 uL 39.5 uL 2 uL 38 uL 80 pL
6-well plate 25 L 197.5 pL 10 pL 190 pL 400 pL
100mm plate 20 uL 1580 pL 80 uL 1520 uL 3200 pL

5 Human: ASC52telo, rat: primary rMSCS, mouse: C3H10T1/2.
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3.5. Conditioned Media Production

Once the transfection protocol was completed, cells were washed with
PBS and 0.2 mL/cm? of MesenPRO RS Medium with GlutaMAX (without
supplements) was added. After 48 hours of incubation at 37°C and 5% CO2, the
conditioned media (CM) was collected and centrifuged at 400g for 10 min at 4°C
to eliminate cell debris. The supernatant was recovered and transferred to a new
tube for a second centrifugation at 1000g for 10 min at 4°C. This second step is
performed to ensure complete elimination of cellular debris. The CM was then

filtered through 0.22 um filters and stored at -80°C until further use.

For some experiments, the CM must be concentrated before freezing. In
these cases, Vivaspin turbo 15 concentration units (Cat. VS15T02, Sartorius
Stedim Lab Ltd, Gloucestershire, UK) with a 10,000 KDa molecular weight cutoff
were used. The membrane tubes were pre-rinsed with water prior to use to
eliminate glycerine and sodium azide traces. Ten mL of CM were added to these
units, followed by centrifugation at 4,000g at RT. The time required to concentrate
the CM 50-fold (50X CM) was approximately 20 min.

3.6. In Vitro Assessment of Conditioned Media Effect in

Osteogenic Differentiation

A total of 20,000 cells/cm? were seeded and incubated overnight to allow
attachment in 24 well-plates. The same number of cells was used for the rMSCs,
hMSCs and ASC52telo experiments. Cells were washed with PBS and 0.25
mL/cm? of CM was added for 48 hours. Osteogenic induction was subsequently
achieved by replacing the CM with osteogenic media. The osteogenic media for
rMSCs and hMSCs consisted of complete DMEM supplemented with 20 mM [3-
glycerolphosphate, 50 uM ascorbic acid and 1 pM dexamethasone. For
ASC52telo cells, complete DMEM was supplemented with 2 mM B-
glycerolphosphate, 50 uM ascorbic acid and 0.1 yM dexametasone. Half of the
osteogenic media was replaced with fresh osteogenic media every 2-3 days until
the end point of differentiation, when gene expression, alkaline phosphatase
activity and mineralization were assessed. The days for differentiation
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assessment and end points varied depending on the specific characteristics of

the cells evaluated.
3.7. Quantitative RT-qPCR Gene Expression Analysis

Gene expression analyses were carried out by real-time quantitative
Polymerase Chain Reaction (QPCR). mRNA was isolated from the cells in culture
by scraping the wells with TRIzol reagent (Cat. 15596026, Invitrogen, Waltham,
MA, USA) after rinsing then twice with PBS. The RNA extraction from the TRIzol
solution was performed using phenol-chloroform. In brief, 0.2 mL of chloroform
per mL of TRIzol was added to each sample, shaken for 15 seconds manually
and incubate for 3 min at RT. This resulted in distinct phases: an aqueous upper
phase and a pinkish bottom phase. The samples were centrifuged at 13,300 rpm
for 15 min at 4°C to facilitate the strong establishment of the two phases and their
subsequent separation. The aqueous phase, containing the mRNA, was
transferred to a new tube and an equal volume of 100% isopropanol was added.
The samples were vortexed thoroughly, and mRNA precipitation was induced by
incubating them at -80°C for 30 min. After incubation, the samples were
centrifuged at 13,300 rpm for 10 min at 4°C. The supernatant was discarded, and
the mRNA pellet should be visible at the bottom of the tube. Cold 70% ethanol
diluted in Ambion DEPC-treated Nuclease-Free water (Cat. AM9906
ThermoFisher Scientific, Waltham, MA, USA) was added to the pellet, and the
tube was vortexed to wash the sample. A further centrifugation at 13,300 rpm for
5 min at 4°C was performed to reform the pellet. The supernatant was carefully
discarded, and the tube was heated at 55°C for 5 min to dry the pellet. Finally,
the pellet was resuspended in nuclease-free water. RNA quantification was
performed using spectrophotometric analysis with a DeNovix DS-11

Spectrophotometer (DeNovix, Wilmington, DE, USA).

Once the mMRNA was extracted, it was reverse-transcribed into cDNA. This
RNA reverse transcription was performed using the PrimeScript RT Reagent kit
(Cat. RR0O37A, Takara Bio Inc, Shiga, Japan) following the manufacturer’s
instructions. An average of 500 ng of RNA per sample was brought to a final
volume of 5 uL with nuclease-free water in a PCR 200 pL tube. The reagents from

the PrimeScript RT Reagent Kit were mixed with the samples to a final volume of
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5 uL (Table 3). The PCR protocol for reverse transcription consisted of an initial
cycle of 15 min at 37°C for reverse transcription, followed by a 5-second pulse at
85°C to inactivate the PrimeScript RT Enzyme and finally cooling at 4°C. The
cDNA was stored at -20°C until further use.

Table 3. PrimeScript RT Reagent Kit mix used for reverse transcription per sample.

Reagent Volume
5X PrimeScript Buffer 2 L
Random 6 mers (100 pM) 2 uL
Oligo dT Primer (50 uM) 0.5uL
PrimeScript RT Enzyme Mix | 0.5 uL

Specific TagMan assays probes (Applied Biosystems, Waltham, MA, USA)
for each gene were used to determine changes in gene expression. For these
analyses, 1 yL of cDNA and 3.5 pL of nuclease-free water were added per well
to the microAmp Optical 96-well Reaction plate (Cat. 110N4Q611, Applied
Biosystems, Waltham, MA, USA). Then, the probe mix was prepared using 5 uL
of TagMan Universal PCR Master Mix (Cat. 4324018, Applied Biosystems,
Waltham, MA, USA) and 0.5 uL of the specific TagMan probe (Table 4) and added
to each corresponding well, reaching a total volume of 10 uL. qPCR was
performed using an Applied Biosystems 7,500 fast Real-Time PCR System,
following a standard run protocol: an initial hold for 10 min at 95°C, followed by
40 cycles of 15 seconds at 95°C and 1 min at 60°C.

Glyceraldehyde-3-phosphate dehydrogenase (Gadph) was used as a
housekeeping gene. The Smurf1 probe was employed to measure the level of
Smurf1 silencing achieved. Runx2, Alpl and Bglap probes were used to monitor
changes during osteogenic differentiation. Additionally, Tnfsf11 (Rankl), Tnfrsf11b
(Opg), Csf-1 (M-csf), Sost and Dkk1 were used to test the effects of the CM on
human ex vivo bone and osteocytes. For gPCRs analysis, the threshold cycles
(Ct) were determined by default settings, and gene expression was measure by
normalizing to the housekeeping gene expression using the comparative 2*-AACt
method (188).

65



Materials and Methods

Table 4. List of TagMan probes used for gPCR in human, rat and mouse for gene

expression analyses.

Gene Human assay Rat assay Mouse assay
reference reference reference
Gadph Hs99999905_m1 Rn01775763_g1 Mm999999915 g1
Smurf Hs00410929 mil Rn01412801 _ml1 Mm00547102_m1
Runx2 Hs00231692 ml Rn01512298 m1l
Alpl Hs00758162_m1 Rn01516028 m1l
Bglap Hs01587814 g1 Rn00566386_ g1
Tnfsf1l Hs00243522_m1 | ---------m-mm-mmmmomem MmO00441906_m1
Tnfrsfl1lb Hs00900358_m1 | ---------m-mmmmmmmemem MmO00435454_m1
Csf-1 Hs00174164 M1 | -------oeeemmeeee Mm00432686_m1
Sost | e[ Mm00470479_m1
D) e [ — Mm00438422_m1

3.8. Quantification of Alkaline Phosphatase Activity

For the quantification of Alkaline phosphatase (ALPL) activity in cultured
cells, wells containing the cells were washed twice with PBS prior to sample
collection in Eppendorf tubes by scrapping in 200 pL of 0.05% Triton X-100 (Cat.
9036-19-5, Merck KGaA, Darmstadt, Germany) to lyse the cells. The samples
were subjected to three cycles of sonication (30 seconds of sonication followed
by 30 seconds of rest) at 4°C. Afterwards, samples were stored at -80°C until

further analysis.

Alkaline Phosphatase enzymatic activity was quantified as previously
described (189). This enzymatic activity involves the transferring of a phosphate
group from p-Nitro-Phenyl Phosphate (pNPP) to 2-amino-2-methyl-1-propanol
(AMP), liberating p-Nitro Phenol (pNP) according to the following reaction:

p-Nitro-Phenyl Phosphate + AMP —— p-Nitro-Phenol + Phosphate

The rate of p-Nitrophenol formation, measured photometrically, is

proportional to the concentration of alkaline phosphatase present in the samples
(190).
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First, the samples were thawed and kept on ice. All reagents used were
also kept cold during the analysis. AMP buffer® and pNPP buffer” were freshly
mixed in equal proportions (1:1). 100 uL of each sample were mixed with 300 pL
of the AMP/pNPP mix. A total of 100 pL of that mix was added to one well in a 96-
well plate. This procedure was done in triplicates to obtain three independent
readings from each sample. A standard curve of known increasing quantities of
pNP2 diluted in 0.5N NaOH was prepared to translate the colorimetric results into
activity values (nmol p-nitrophenol/ug protein). Once the samples and the
standard curve were loaded, the plate was incubated for 60 min at 37°C in the
dark with constant shaking. After incubation, 50 uL of 0.5N NaOH was added to
each sample well (excluding the standard wells) to stop the reaction. Absorbance
was measured using an Eon Microplate Spectrophotometer (BioTek, Winooski,
VT, USA) at 405 nm. To normalize the activity to the protein content of each
sample, protein quantification was also performed. A total of 100 uL of each
sample extract was transferred into new Eppendorf tubes, and 300 uL of PBS
was added to each sample yielding a final volume of 400 pL. Then, a total of 100
ML of each diluted sample extract was added in triplicate to a 96 well-plate in three
different wells. A standard curve was also prepared using Bovine Serum Albumin
(BSA, Cat. A7906, Sigma-Aldrich, Burlington, MA, USA) at 10 mg/mL as the
highest concentration point and performing eight 1:2 serial dilutions in distilled
water, down to a concentration of 0.039 mg/mL. The standard curve was pipetted
in duplicate into the 96-well plate. The protein quantification was carried out using
the Bicinchoninic Acid (BCA) protein assay. To prepare the BCA working solution
we added 5 mL of Reagent A (Cat. 23228, Thermo Fisher Scientific, Waltham,
MA) for each 100 yL of Reagent B (Cat. 23224; Thermo Fisher Scientific,
Waltham, MA). A total of 100 pL of this final solution was added to each well

containing the sample or standard. The plate was then incubated for 30 min in

& AMP buffer: Dilute 1:10 of 2-Amino-2-methyl-1-propanol (AMP, Cat. A65182, Sigma-Aldrich,
Burlington, MA, USA) in distilled water, and adjust pH to 10,4. Dissolve 0,95 mg of MgCl2 (Cat.
M2670, Sigma-Aldrich, Burlington, MA, USA) in 10 mL of distilled water to make a 1M solution. Add
0,8 mL of the dissolved MgCl2 1M for every 20 mL of AMP prepared.

7 P-NFF: Dissolve 0,084 g of P-NFF (Cat. 71770, Sigma-Aldrich, Burlington, MA, USA) in 20 mL of
distilled water.

8 P-NF: 139.11 mg of P-NF (Ref. N9876, Sigma-Aldrich, Burlington, MA, USA) in 10 mL of distilled
water. Dilute 1:10 in distilled water
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the dark at 37°C with shaking, and absorbance was measured at 600 nm in Eon

Microplate Spectrophotometer (14).

3.9. Alizarin Red Staining and Quantification

The alizarin red staining and quantification was performed using a
modified version of a reported procedure (187). The staining of cell monolayers
was carried out as previously mentioned in the ASC52telo cells mesenchymal
characterization’ section. For the quantification of the alizarin red staining, 200 pyL
of 10% glacial acetic acid (Cat. A6283-1L, Merck KGaA, Darmstadt, Germany)
were added per well, and the plates were at RT for 30 min. The cell monolayer
was then detached by scraping with the tip of a micropipette, and the content of
each well were transferred to a 1.5 mL Eppendorf tube. The tubes were vortexed
for 30 seconds and then sealed with parafilm before heating at 85°C for 10 min.
After heating, the tubes were cooled on ice for 5 min and centrifuged 30 min at
13,300 rpm at RT to make the cellular debris precipitate. The supernatant was
transferred into new Eppendorf tubes, and the pellet was discarded. Fifty-seven
ML of 10% ammonium hydroxide (Cat. 142181, Panreac AppliChem, Barcelona,
Spain) was added to each tube, reaching of approximately 200 yL. Each sample
was then plated into two wells of a 96-well plate (100 pL per well), to have two
independent readings. Absorbance was measured at 405 nm in Eon Microplate

Spectrophotometer (14).
3.10. Proliferation Assessment

To test proliferation, colorimetric MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay was performed. ASC52telo cells were
exposed to CM for 48 hours and then plated at densities of 100, 200, 300 and
400 cell per well in 96 well plates to account for differences in analysis due to cell
confluence. Four wells were seeded for each cell density and five plates were
used for analysis on different days: D1, D3, D5, D7 and D9. On each of these
days, the complete DMEM culture medium (DMEM with 10% FBS and 1%
penicillin-streptomycin) was replaced with complete DMEM containing 0.5 mg/mL
of MTT (Cat. M5655, Sigma-Aldrich, Burlington, MA, USA). After 4 hours of

incubation at 37°C, the medium was discarded and 100 uL of 2-propanol were
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added, followed by an additional 10 min incubation at 37°C with gentle shaking.

Absorbance at 570nm was measured in an Eon Microplate Spectrophotometer.
3.11. Cell Migration Assay

A wound healing assay was executed to test the effect of the CM on the
migration of ASC52telo cells. Cells were seeded in a 6-well plate at a density of
15,000 cells/cm? and 2 mL of CM were added for 48 hours. After incubation, the
CM was discarded, and 400 ym-wide wounds were carefully performed with the
tip of a 1 uL pipette. The wells were washed with PBS to remove any cellular
debris and 2 mL of complete DMEM culture medium were added. The plate state
was imaged at 12 hours intervals for 36 hours using a Nikon Eclipse Ti (Nikon
Instruments Inc., Melville, NY, USA) live cell microscope, equipped with an
incubator to maintain the cells at 37°C under normoxic conditions. Four different
representative fields were captured from each well. The empty surface area in
the captured images was analysed using Imaged 1.53c software

(http://imagej.nih.gov/ij).

3.12. Chemotactic Assay

The chemotactic assay was carried out on ASC52telo cell line using
Transwell Permeable Support/Insert (Cat. 3464, Corning, Somerville, MA, USA).
Atotal of 60,000 cells were seeded onto the upper side of the insert and complete
DMEM medium was added in the lower side. Cells were incubated overnight at
37°C to allow cell attachment. Subsequently, complete DMEM was discarded and
CM was added to the lower chamber and the cells were incubated for an
additional 24 hour-incubation at 37°C. The pore size of transwell inserts was 8.0
pm, allowing for cell migration towards the lower side of the insert. Both the upper
and lower sides of the insert were carefully washed twice by dipping transwell
inserts into beakers with PBS. The cells were then fixed and permeabilized with
100% methanol (Cat. 34860-1L-R, Merck KGaA, Darmstadt, Germany) for 20 min
at RT in a fume hood. After discarding the methanol, the cells were stained using
enough crystal violet staining (Cat. C0775-25G, Merck KGaA, Darmstadt,
Germany) to cover the insert for 10 min at RT on a shaker. The crystal violet stain

was recovered, and the inserts were washed carefully with running water. The
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upper side of the inserts were carefully cleaned with a cotton swab to remove
non-migrated cells. The migrated cells were counted using Zeiss Axiovert 200

Microscope (Zeiss, Jena, Germany) and ImageJ 1.53c software.
3.13. Ex Vivo Human Bone Culture

Ex vivo cultures allow to study cells within their native microenvironment
without the issues of in vivo approaches (191). To test the effects of the CM in an
ex vivo model, we collected and cultured trabecular bone cylinders from the
central part of the femoral head of osteoporotic patients using a trephine (192).
These bone cylinders were cut into six smaller fragments to obtain replicates from
each sample. The fragments were washed through 3 cycles of vortexing in a 50
mL Falcon tube containing PBS. The fragments were then carefully placed into a
12-well plate and fully immersed in a mixture of 50% CM and 50% a-MEM culture
medium (Cat. 32571, Gibco ThermoFisher Scientific, Waltham, MA, USA)
supplemented with 5% FBS, 1% penicillin-streptomycin, 0,2% normocin (Cat.
NC9273499, InvivoGen, San Diego, CA, USA). On day 2, half of the culture
medium was replaced with fresh media. On day 4, the bone pieces were washed
twice with 1 mL of PBS, immersed in 1 mL of TRIzol, and disaggregated using
T25 digital ULTRA-TURRAX (Cat. 0003725000, IKA-Werke, Staufen, Germany)
dispersing instrument, with a S25N-8G (Cat. 0001024200, IKA-Werke, Staufen,
Germany) dispersion tool. During tissue disaggregation, the samples were kept
on ice and the disaggregation pulses were limited to a maximum of 20 seconds
to prevent RNA degradation due to overheating. Once the bone fragments were
reduced to a powdered appearance, the tubes were centrifuged at 2,000 rpm for
15 min at 4°C. The pellets were discarded and the TRIzol supernatant was
collected into 1.5 mL Eppendorf tubes. RNA was then extracted following the RNA
extraction protocol described previously. Samples were obtained from three

osteoporotic women with no medications that may alter bone metabolism.
3.14. In Vivo Ectopic Model

All the animal experiments conducted underwent a thorough review and
were approved by the Institutional Bioethics and Animal Care Committee at the

University of Cantabria, as well as the relevant regulatory body (Consejeria de
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Agricultura y Ganaderia de Cantabria, Santander, Spain). The animals were
provided with unrestricted access to water and food and were subjected to a light-
dark cycle of 12 hours each. All surgical procedures were conducted under
aseptic conditions, with the rats and mice placed under isoflurane anaesthesia
(IsoVet, Cat. 469860, B. Braun Vet Care GmbH, Tuttlingem, Germany) and
positioned on a warming pad to prevent hypothermia during the operation. Post-
surgery, antibiotics (Baytril 5%-Enrofloxacine, Bayer, Leverkusen, Germany)

were administered via the drinking water for a minimum of 3 days.

A rat ectopic model was used to analyse the osteogenic effect of CM on
MSCs in vivo. This model involved the use poly(lactic-co-glycolic-acid) (PLGA,
ResomerRG504; Cat. 739944, Boehringer-Ingelheim, Ingelheim am Rhein,
Germany) scaffolds loaded with BMP2 (Cat. Z202913-50_BMP-2, Biomedal,
Sevilla, Spain), courtesy of Dr. Evora’s group, from the Center for Biomedical
Research of the Canary Islands (193), which served as a structure to induce
ectopic bone formation in rats. These scaffolds were discoidal, with 4 mm in
diameter and 1 mm of thickness, releasing BMP2 in a controlled and sustained

manner.

rMSCs were harvested, cultured and counted as previously described.
PLGA scaffolds were seeded with 80,000 rMSCs resuspended in 100 uL of 10X
concentrated CM. The PGLA scaffolds were incubated overnight at 37°C and 5%
CO2 in MesenPRO RS medium to allow cell attachment. Water was added to the
around to keep a high degree of humidity and avoid the scaffolds drying out. CM
production and concentration were conducted using rMSCs as described earlier.
Once prepared, the surgical procedure began, involving 2-month-old healthy
Sprague-Dawley rats. The rats were anaesthetized with isoflurane as an aerosol,
their backs were shaved using an electric shaving machine Air Force Ultimate
(Cat. TN9300F5, Rowenta, Erbach im Odenwald, Germany) and the area was
sterilized with povidone-iodine solution. Using sterile scissors and forceps, 0.5
cm incisions were made on each side of the spine, creating a space through the
skin and connective tissue for the scaffolds. The scaffolds were carefully placed,
and the incisions were closed by stapling the skin. A maximum of 8 scaffolds were

loaded per animal.
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The scaffolds remained in the recipient rats for 8 weeks. After this time, the
rats were then euthanized in a CO2 chamber, and scaffolds were collected and
immersed in 10% formaldehyde solution for 6 hours to fix the cells. Subsequently,
a decalcification solution consisting of 20% ethylenediaminetetra-acetic acid
(EDTA; Cat. EDS-5006, Sigma-Aldrich, Burlington, MA, USA) in PBS (pH 7.4)
was applied for one week at 4°C with the solution being refreshed twice during
this time. Once decalcified, the scaffolds were embedded in paraffin using Cell
wax Plus molds (Cat. GCA-0400-00A, CellPath, Powys, United Kingdom) to form
blocks, and 5-micron sections were cut using a microtome (Cat. RM2125, Leica,
Wetzlar, Germany) and a flotation bath (Cat. 3000459, J. P. Selecta, Barcelona,
Spain). Sections were collected in Nunc Microscope slides (Cat.160005,
ThermoFisher Scientific, Waltham, MA, USA) and were left to dry. Subsequently,
scaffold sections were deparaffinized using a standard protocol consisting of
heating the slides at 55°C for at least 20 min followed by rehydration through
washes in xylene (Cat. 534056, Honeywell, Bracknell, UK) and consecutive

washes in decreasing concentrations of ethanol.

The staining of the slides was performed at Dr. Ricardo Reyes’ laboratory,
at the Department of Biochemistry, Microbiology, Cellular Biology and Genetics,

Institute of Biomedical Technologies, of the University of La Laguna.

Masson-Goldner Trichrome staining was used to detect collagen fibers
The collagen fibers were stained blue, the nuclei black and the background red
(194). Sections were re-fixed overnight with Bouin solution® to improve the
staining quality. The samples were then washed with running water for 5 min,
followed by a 1-min wash with distilled water to clean the samples from the yellow
color left by the Bouin’s solution. The samples were stained with Weigert’s iron
hematoxylin solution (Cat. HT1079-1SET, Merck KGaA, Darmstadt, Germany) for
10 min, washed for 5 min with running water and then rinsed for 1 min in distilled
water. They were subsequently stained for 2 min with Biebrich Scarlet-Acid
Fuscin stain (Cat. HT151-250ML, Merck KGaA, Darmstadt, Germany), followed
by a 2 min staining with 1:1 mix of phosphotungstic acid-phosphomolybdic acid
(PTA, Cat. 455970-10G; PMA, HT153-250ML; Merck KGaA, Darmstadt,

® Bouin solution: 400 ml Pyric acid 1.4% (Cat. RC586016, VWR International, Radnor, PA, USA), 135
ml Formaldehyde 35-40% and 27 ml glacial acetic acid.
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Germany) solution and a 5-min staining in Anillin Blue (Cat. B8563-250ML, Merck
KGaA, Darmstadt, Germany). The slides were then rinsed in distilled water for 1
min and incubated for 4 min in 1% glacial acetic acid. Finally, samples were
dehydrated, rinsed and mounted with Nunc Thermanox coverslips (Cat. 150067,
ThermoFisher Scientific, Waltham, MA, USA) for proper observation and

conservation.

The indirect immunoenzymatic technique was applied to the
deparaffinized and rehydrated sections in Tris buffered saline'® (TBS) with
antigen retrieval in citrate buffer at 90°C for 5 min, followed by blocking in a
solution containing 2% FBS in 0.2% Tris buffered saline with Tween!! (TBS-T).
Osteogenic formation was assessed by overnight incubation at 4°C with
polyclonal anti-osteocalcin (OCN) antiserum (1:100) (Cat. AB10911, Millipore,
Burlington, MA, USA) and polyclonal anti-ALPL antiserum (1:100) (Cat.
SAB3700631, Millipore, Burlington, MA, USA) in blocking buffer. The sections
were then washed three times with TBS 10 min at RT followed by a second 10
min incubation with TBS-T. The samples were exposed to donkey anti-rabbit IgG
antibody conjugated with biotin (1:500) (Cat. AP182B, Millipore, Burlington, MA,
USA) for 60 min, followed by streptavidin-peroxidase (1:500) (Cat. 189733,
Millipore, Burlington, MA, USA) for another 60 min. Detection of peroxidase
activity was achieved using 0.005% 3,3’-diaminobenzidine (Cat. D12384, Sigma-
Aldrich, Burlington, MA, USA) and 0.01% hydrogen peroxide in Tris-HCI buffer
(0.05 M, pH 7.6) (Cat. T3253, Sigma-Aldrich, Burlington, MA, USA). The
specificity of the immunostaining was confirmed by substituting the primary
antibodies with normal serum. Peroxidase activity revealing was terminated by
extensive washing with TBS. The slides were then dehydrated and mounted as

described earlier.

OCN and ALPL staining were quantified using the computed-based image
analysis software Leica Q-win V3 Pro Image Analysis System (Leica
Microsystems, Wetzlar, Germany). Quantification of OCN and ALPL staining was

performed by applying a fixed threshold to identify positive staining within the

0TBS: 24,23 g Trizma HCIL, 80.06 g NaCl in 800 mL of distilled water, adjusting pH to 7,6. Add
distilled waterup to 1 L.

" TBS-T: Add 10 mL of Tween 20 Detergent (cat. 655204, Millipore Poole, Dorset, UK) in 990 mL of
TBS.
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implant region, with the positive pixel areas being standardized against those
obtained from the control group and presented as relative staining intensities
(193).

3.15. In Vivo Calvaria Model

The in vivo calvaria bone formation model involves creating a bone defect
in the calvaria of mice that is subsequently regenerated using scaffolds that are

capable of releasing CM in a sustained and controlled manner.

To achieve this, CM was produced and concentrated 50 times (50X) as
previously described, using C3H10T1/2 cell line. The CM was encapsulated in
microspheres applying the doble emulsion method. The protocol was optimized
by Dr Diaz-Rodriguez's group, in the R+D Pharma Research Group, at
Department of Pharmacology, Pharmacy and Pharmaceutical Technology of
University of Santiago de Compostela (Spain). This method involved generating
microparticles with an internal aqueous phase and an external lipidic phase. The
inner phase contained 200 uL of 50X concentrated CM, which was mixed with
0.07% polyvinyl alcohol (PVA; Cat. 360627, Merck KGaA, Darmstadt, Germany)
through vortexing. For the positive control, the CM was substituted by 1 pg/uL
BMP2 (Cat. Z02913-50_BMP-2, Biomedal, Sevilla, Spain) and, for negative
control, by 0.07% PVA. The lipid phase, consisting of PGLA polymer
(ResomerRG504, cat. 739944, Boehringer-Ingelheim, Ingelheim am Rhein,
Germany) dissolved in methylene chloride (CH2Cl2, Cat. 34856, Merck KGaA,
Darmstadt, Germany) at 50 mg/mL, was prepared and transferred to a round-
bottom Falcon polypropylene tube (Cat. 10110101, ThermoFisher Scientific,
Waltham, MA, USA). To mix both phases, the lipid phase was maintained under
constant vortexing for 3 min at maximum speed while aqueous phase was added
dropwise using a pipette. PVA acted as a surfactant to maintain the emulsion.
After 3 minutes, the emulsion was rapidly added to a 0.1% 200 mL PVA solution
in a beaker and stirred with a magnetic stirrer at 500 rpm for 2 hours to allow the
CH2Cl2 to evaporate and the microparticles to solidify. The microparticles were
collected using filter paper and a Kitasato flask connected to a vacuum system.
The PVA solution with the microparticles was poured onto the filter paper, which

retained the microparticles containing the CM, while the excess solution
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remained inside the Kitasato. Microparticles were collected in a 5 mL Eppendorf
tube and incubated overnight at -80°C. The next day, microparticles were freeze-
dried for 12 hours to remove excess water, resulting in a powder appearance.
The protein content in the microparticles was quantify using the BCA method as
described earlier. Microparticles were previously dissolved using 100% acetone
(Cat. L10407.AU, ThermoFisher Scientific, Waltham, MA, USA) and the content
was resuspended in distilled water to favour the protein detection. Protein
quantification was also performed on the 50X CM using the same method, then

allowing the determination of the success rate of the CM encapsulation process.

PhotoGel-LAP, Methacrylated Gelatin Hydrogel Kit (Cat. CC324, Sigma-
Aldrich, Burlington, MA, USA) was used to resuspend microspheres and prepare
the scaffolds. This kit contained purified porcine gelatine methacrylate (GelMA)
and the photoinitiator lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP).
GelMA was dissolved at 10% in distilled water in an opaque container, warmed
at 30°C and stirred with a magnet. Then, 0.25% of LAP and 50 microspheres/mL
were added to the final solution. The GelMA-LAP-Microsphere solution was
shaped into 4 mm diameter, 1 mm thickness cylindrical scaffolds using the inner
space of a cut syringe and left to solidify on a cold plate. The scaffolds were then
photocrosslinked by exposure to UV light for 10 minutes in a cell culture cabinet
to maintain sterility (69, 193).

Once the scaffolds were prepared, the surgical procedure was initiated.
Fourteen-weeks old C57BL/6 mice were anesthetized, placed on a warm pad and
their heads were shaved as previously described. A longitudinal incision was
made on the head, and the skin was pull aside to expose the calvaria bone. One
4 mm-diameter circular bone defect was made in the middle of the sagittal suture
using a dental surgical drilling unit with a trephine constantly cooled with drops of
a sterile saline. The bone was carefully removed without harming the dura mater.
The scaffolds were placed into the bone defects using forceps and the incision
was stapled (101). These scaffolds remained in place for 3 months. After this
period, the mice were euthanized in a CO2 chamber, and the entire heads were
collected using surgical scissors and immersed in a 10% formaldehyde solution
for overnight fixation. After fixation, the heads were transferred to 70% ethanol to
be preserved until bone analysis.
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Bone regeneration was assessed by micro-computed tomography
(microCT) in the Department of Physiology and Cell Biology of the University of
Arkansas for Medical Sciences. Scanco vivaCT 80 (Scanco Medical, Brittisellen,
Switzerland) was used to scan the whole heads and to obtain 3D reconstructions.
The percentage of repair was evaluated using the image analysis software
ImagedJ 1.53c software, and the subsequent calculations were based on the

following equation (69):

New bone area

% b L 100
)% bone repair Original defectareax

3.16. In Vivo Osteoporotic Model

The primary aim of this project is to use secretome as a viable therapeutic
approach for osteoporosis treatment; thus, the evaluation of secretome's impact
in an in vivo model that closely mirrors the pathological features of osteoporosis
is essential. To achieve this goal, we employed a commonly used experimental
model for inducing osteoporosis: ovariectomized animals. This model replicates

hormonal oestrogen deficiency to mimic post-menopausal osteoporosis (195).

Four-month-old female CD1 mice were used in this procedure. Mice were
anesthetized, placed on a warm pad and their backs were shaved as mentioned
earlier. The ovariectomy procedure was carried out following the protocol
described by Souza et al. (195). Briefly, a single longitudinal surgical incision was
performed in the lower part of the back of the mice. The musculature and other
soft tissues were pushed aside to expose the ovarian fat pad, which was brought
outside the incision to allow easy access to the ovary. While the ovarian fat pad
was secured with forceps, the region beneath the ovary was clamped with heated
forceps, allowing the ovary to be removed and the wound to be sealed at the
same time, preventing excessive blood loss. The incision was stapled, and the
procedure was replicated with the contralateral ovary. Four mice underwent the
surgery but skipping the ovaries removal, which constituted our positive control
group (Sham group, non-osteoporotic mice). The mice were observed and

weighted during one week after the surgery to assured proper health status.
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Once mice recovered post-surgery, CM administration was performed with
the help of Dr Alfonso Fernandez, specialist in traumatology from Hospital
Universitario Marqués de Valdecilla. CM was produced and concentrated 50-fold
(50X) as previously mentioned, using C3H10T1/2 cell line. Mice were
anesthetized and the left legs were shaved and sterilized. A longitudinal incision
was accomplished on the knee, and the joint was flexed to expose inner tissues.
The leg was manually immobilized and a Hamilton syringe (Cat. 80500, Hamilton
Company, Reno, NV, USA) loaded with 5 pL of 50X CM (or NaCl for negative
control, table 5) was used to approach the medullary cavity. The content of the
syringe was carefully injected in the distal end of the femur and the incision was

closed by suture with a surgical thread.

Table 5. Study groups established in the in vivo murine osteoporotic model experiment.

Study group Ovariectomy Treatment Replicates (n)
Sham No No 5
Negative control Yes 0,9% NacCl 5
CM-Ctrl Yes 5ul of Sec-Ctrl 5
CM-Smurfl Yes 5ul of Sec-Smurfl 5

After 1 month, the mice were sacrificed in a CO2 chamber and both femurs
were extracted. The femurs were fixed for 48 hours in 10% paraformaldehyde
(Cat. 047317.9L, ThermoFisher, Scientific, Waltham, MA, USA) and kept in 70%

ethanol until analysis.

Bone architecture was evaluated by microCT in the Department of
Physiology and Cell Biology of the University of Arkansas for Medical Sciences,
as explained in the previous section. Scanco vivaCT 80 scanner and software
was used to scan all femurs, measure and collect microarchitectural data from

trabecular and cortical bone.

Trabecular bone analysis was carried out in the distal region of the femur.
The growth plate was located as a particularly irregular-organized trabecular
bone at the very beginning of the medullary cavity. A constant gap of ten slides
was left between the growth plate and the first slide measured to guarantee

comparison of the same region in all femurs. The area of interest was set as the
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trabecular bone present into the medullary cavity (excluding the cortical bone)
starting from the first slide and measuring 151 slides more in direction to the

proximal end of the femur.

For cortical bone analysis, the midpoint of the femurs was found by
counting the number of slides they occupied in the scan and selecting the one in
the middle. For each bone, the region of interest was established measuring the
mid slide, 15 slides above and 15 below, resulting in a total of 31 slides. The bone

of the medullary cavity was discarded for this analysis.

3.17. Exosomes Purification, Characterization and Functionality

Assays

CM was produced as mentioned in previous sections. Exosomes were
isolated from CM using the ultracentrifugation method. This method consisted of
a 100,000G centrifugation at 4°C for 1 hour in an Optima L90-k ultracentrifuge
(Beckman Coulter, Brea, CA, USA). The supernatant constituted the soluble
fraction, while the pellet was the vesicular fraction or extracellular vesicles (EVs).
These two fractions were carefully separated: the soluble fraction was collected
from the centrifugation tube using a serological pipette without disturbing the
pellet and the pellet was then resuspended in 100 uL of PBS and recovered in an

Eppendorf tube.

Once EVs were purified, characterization of CD63 and CD9 specific
exosome markers was carried out using the ExoStep kit (Cat. ExoS-25-C9,
ImmunoStep, Salamanca, Spain), following manufacturer’s instructions. Briefly,
capture beads were vortexed for 20 seconds and 50 pyL were added to the 100
ML EVs suspension. This solution was gently mixed by pipetting up and down
several times with a pipette and vortexing for few seconds. This mix was
incubated overnight at RT without stirring. Next, 1 mL of Assay Buffer 1X was
added to the sample and the tubes were placed on a magnetic rack for 5 min.
After that, supernatant was removed by decanting, ensuring that no more than
100 uL remained. Then 5 pL of CD9 primary detection antibody were added to
the exosome tube and to another tube with no exosomes, which was used as a

negative control. The antibody was incubated 60 min at 4°C in the dark. The
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samples were washed again by adding 1 mL of Assay Buffer 1X and decanting
with the magnetic rack. Samples were finally resuspended in 350 uL of Assay
Buffer 1X and acquired on a FACSCanto Il flow cytometer with FASCDiva

Software.

Average diameter of exosomes were determined by dynamic light
scattering using a Zetasizer Nano (Malvern Panalytical, Malvern, UK).
Morphological characterization by transmission electron microscopy (TEM) was
performed using 10 yL of sample that were deposited on carbon membrane
coated cooper grids (Cat. 930326, Sigma-Aldrich, Burlington, MA, USA) and
stained with a 2% w/v phosphotungstic acid solution (Cat. P4006; Sigma-Aldrich,
Burlington, MA, USA) for 2 min prior imaging.

To evaluate exosome functionality, their ability to internalize into MSCs was
tested. CM was produced, and the soluble and vesicular fractions were separated
as already explained. ASC52telo cells were seeded at 15,000 cells/cm? on Nunc
Lab-Tek Chamber Slides (Cat. 177380, ThermoFisher Scientific, Waltham, MA,
USA) and were allowed to attach overnight. Exosomes were stained with Vybrant
CM-Dil Cell-Labelling Solution (Cat. V22888, ThermoFisher Scientific, Waltham,
MA), slightly modifying manufacturer’s indications for cell staining. A volume of
0.5 pL of Vybrant CM-Dil was added to a 500 pL-suspension of exosomes and
the solution was properly mixed and incubated 1 hour at 4°C. The staining was
washed by centrifuging at 1,500 rpm for 5 min at 4°C and removing the
supernatant. The pellet was then resuspended in 500 uL of PBS and the wash
step was repeated two times more. In the final wash, exosomes were
resuspended in 2 mL of complete DMEM culture medium (DMEM with 10% FBS
and 1% penicillin-streptomycin) at 37°C. ASC52telo cells seeded on the chamber
slides were washed with PBS and the DMEM culture medium with exosomes was
added. The cell uptake of stained exosomes was recorded using a Nikon Eclipse
Ti live cell microscope, equipped with an incubator to maintain the cells at 37°C
under normoxic conditions for 2 hours. After this time, DMEM culture medium was
removed, and cells were washed with PBS and fixed with 3.7% paraformaldehyde
for 15 min on soft stirring. Next, cells were washed twice with PBS and 0.5%
Triton X-100 was added for 15 min on soft stirring to permeabilize the
membranes. Cells were washed again twice with PBS. A last 3 min-wash with
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0.05% Tween 20 detergent was performed, followed by two PBS washes more.
Then, phalloidin cytoskeleton staining (Cat P5282, Sigma-Aldrich, Burlington,
MA, USA) was diluted 1:100 in PBS and added to the cells to visualize actin
fibres. Fifteen pL of phalloidin 1:100 were used for each well and the staining was
incubated at RT for 30 min in the dark. The wells were washed twice with PBS
and chambers were carefully disassembled. The slides were mounted with
Aquashed mounting media without DAPI (Cat. HC718601, Merck KGaA,
Darmstadt, Germany) and stored overnight in the dark for subsequent confocal
microscopy visualization using a Nikon A1R-HD TIRF Confocal Microscope
(Nikon Instruments Inc., Melville, NY, USA).

3.18. In Vitro Assessment of Conditioned Medium Fractions

Effect in Osteogenic Differentiation

An evaluation of the in vitro osteogenic effect of both fractions separately
was performed. CM was produced and fractions were separated as previously
explained, using ASC52telo cells. The vesicular fraction was resuspended in
MesenPRO RS Medium with GlutaMAX (without supplements) to match the
volume of soluble fraction obtained. Then 0.25 mL/cm? of soluble or vesicular
fraction were added to 20,000 ASC52telo cells/cm? for 48 hours, and the
osteogenic differentiation and assessment were carried out as described in

previous sections.
3.19. Mass Spectrometry

Mass spectrometry analysis was performed thanks to our collaboration
with Dr Bolado-Carrancio from the Institute of Genetics and Molecular Medicine
in Edinburgh. Mass spectrometry was applied to determine the protein content of
the CM. Both soluble and vesicular fractions of CM-Ctrl and CM-Smurf1 were
analysed separately. For this, CM was produced and the fractions were separated
as previously explained. Both fractions underwent mass spectrometry analysis
following an in-solution digest protocol. Briefly, proteins were denatured with 6M
guanidine hydrochloride (Cat. SRE0066, Merck KGaA, Darmstadt, Germany)
reduced and alkylated with 5 mM tris(2-carboxyethyl)phosphine (Cat. C4706.
Merck KGaA, Darmstadt, Germany) and 10 mM chloroacetamide (Cat. 22790,
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Merck KGaA, Darmstadt, Germany), and sequentially digested with Mass
Spectrometry-grade Pierce Lys-C/trypsin proteases mix (Cat. 90051,
ThermoFisher Scientific, Waltham, MA, USA). Peptides were desalted and
purified using 50% acetonitrile (Cat. 15661700, ThermoFisher Scientific,
Waltham, MA, USA) and 0.1% trifluoroacetic acid (Cat. 302031, Merck KGaA,
Darmstadt, Germany) (196). The eluted peptides were lyophilized in a
Concentrator Plus (Cat. 5305000703, Eppendorf Corporate, Hamburg,
Germany), resuspended in 0.1% trifluoroacetic acid and analyzed by Liquid
chromatography—mass spectrometry analytical technique on a Orbitrap Fusion™
Lumos™ Tribrid™ Mass Spectrometer (Cat. IQLAAEGAAPFADBMBHQ,
ThermoFisher Scientific, Waltham, MA, USA) (197). Protein identification and
quantification were performed using the Data-Independent Acquisition neural
networks (DIA-N/N) software and the Perseus software (197, 198) after
normalizing the values by total protein in the samples. Statistical significance was
determined using an adjusted t-test against CM-Ctrl, with a p-value threshold of

0.05 and a fold change of 2 or greater.
3.20. Conditioned Medium Effect on Osteocytes

To test the effect of CM on osteocytes, murine Ocy454 preosteocytes-like
cells (RRID: CVCL_UW31) provided by Dr Pajevic (Boston University, MA, US)
were used (199). These cells were cultured following a protocol stablished at Dr
Delgado-Calle’s group. Briefly, Ocy454 cells require collagen-coated plates for
proper culture; therefore, collagen type | from rat tail (Cat. A1048301,
ThermoFisher Scientific, Waltham, MA, USA) was used. A 100 mL-collagen
solution was prepared with 95 mL of PBS, 1 mL of glacial acetic acid and 4 mL of
collagen type |. Seven mL of collagen solution were added to 75cm? cultures
flasks followed by incubation at 37°C for 3 hours. The solution was then removed,
and flasks were sterilized by 15 min-irradiation with ultraviolet light inside the
culture cabinet. Collagen-coated culture flasks were kept at 4°C until use. Once
culture flasks were ready, Ocy454 cells were thawed and resuspended in
complete a-MEM culture medium (supplemented with 5% FBS, 1% penicillin-
streptomycin and 0,2% normocin). Just before use, the collagen-coated culture

flasks were washed with PBS to eliminate acetic acid residues, and the cells were
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then seeded. Ocy454 cells were cultured in an incubator at 33°C and 5% COzto
maintain their immortality, but were transferred to 37°C for two weeks to stimulate
cell maturation prior to performing the experiments. During maturation, non-

coated culture flasks were used.

Matured Ocy454 cells were seeded at 30,000 cell/cm? in complete a-MEM
culture medium and were left to attach overnight. The following day, culture
medium was replaced with complete a-MEM culture medium combined with 50%
of 50X CM (produced and concentrated as mentioned earlier, from C3H10T1/2
cell line) for 24 hours. After that time, RNA was extracted using TRIzol and gene

expression was analysed by qPCR as explained in previous sections.
3.21. Conditioned Medium Effect on Osteoclasts

To evaluate the effect of CM on osteoclasts, the murine RAW 264.7
macrophage cell line (RRID: CVCL_0493) was used. These cells were supplied
by Dr Delgado-Calle. A density of 10,000 cells/cm? was seeded in complete
DMEM culture medium (supplemented with 10% FBS and 1% penicillin-
streptomycin), incubated at 37°C and 5% CO2 and allowed to form colonies for
48 hours. Subsequently, the culture medium was discarded and replaced with
non-phenol red DMEM (Cat. 11570406, ThermoFisher Scientific, Waltham, MA,
USA), supplemented with charcoal stripped FBS (Cat. A33821-01, Gibco
ThermoFisher Scientific, Waltham, MA, USA) and 1% penicillin-streptomycin, in
combination with 75 ng/mL of recombinant mouse RANKL protein (Cat. 50343-
MO1H, Sino biological, Wayne, PA, USA) and 10% of 50X CM. Half of the medium
was refreshed every 2 days. Cells were stained on day 6, using the Tartrate-
resistant acid phosphatase (TRACP) and alkaline phosphatase (ALP) double-
stain kit (Cat. MK300, Takara Bio Inc, Shiga, Japan), following manufacturer’s
guidelines. Briefly, RAW 264.7 cells were washed with PBS and fixed using 200
ML of Fixation Solution for 5 min. Fixation was stopped by washing the wells twice
with 2 mL of distilled water. The substrate solution was prepared by diluting the
contents of the substrate for ACP vial in 10 mL of distilled water. Sodium Tartrate
Solution was added at a 1:10 ratio to the Substrate Solution. The resultant
solution was added to the cells, followed by an incubation at 37°C for 45 min. The

reaction was stopped by removing the solution and washing the cells three times
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with distilled water. Next, 5 mL of methyl green nuclear staining solution was
added for 5 min at RT. The nuclear staining was washed with distilled water.
Images were taken by Nikon Eclipse Ti microscope and TRAP-positive cells were
counted using Imaged 1.53c software. Cells with 3 nuclei or more were

considered osteoclasts.
3.22. Statistical Analysis

Bars on graphs represent mean values of the experiments performed. The
error bars on graphs represent the standard error of the mean values (SEM).

Mann-Whitney U test was used for n=3 and the Students’ t test for n>5.

To assay bone formation in the histological samples obtained from the rat
ectopic model, statistical analysis was performed with SPSS.25 software by
means of a one-way analysis of variance (ANOVA) with a Tukey multiple

comparison post-test.

Three levels of significance were established: the first level at p< 0.05, the

second level at p< 0.01 and the third level at p< 0.001.
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4. RESULTS
4.1. Primary MSCs and C3H10T1/2 Culture

Rat and human primary MSCs were harvested from bone marrow (BM-
MSCs). Despite the relatively low abundance of MSCs in the bone marrow (<1%
of the total BM population) (200), their isolation was successfully achieved. Due
to the limited cell yield, mesenchymal marker analysis was not performed as part
of the extraction procedure. However, in line with previous studies (201, 202), the
MSCs isolated is represented as the adherent cell population, and non-adherent
cells were eliminated through serial passaging. Primary cell cultures of both rat
and human BM-MSCs were established successfully, with cells exhibiting the
characteristic spindle-shaped morphology typical of MSCs. These adherent cells

formed colonies and displayed proliferative capacity (Figure 15A and 15B).

Additionally, the C3H10T1/2 cell line was cultured, as reported in previous
studies (14). Phase-contrast microscopy confirmed that these cells also exhibited
the spindle-shaped morphology and plastic adherence similar to primary MSCs
(Figure 15C).

Human primary MSCs C3H10T1/2 cell line
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Figure 15. Primary MSCs cultures and C3H10T1/2 cell line culture. (A) Rat Mesenchymal
Stem Cell (rMSCs) culture 15 days after seeding bone marrow extracted from the femur of
Spargue-Dawley rats. (B) Human osteoporotic Mesenchymal Stem Cell (hOP-MSCs) culture 20
days after seeding bone marrow extracted from the femoral head of an osteoporotic patient. (C)
Culture of the C3H10T1/2 cell line. Images taken using a phase contrast microscope.
Magnification 4X.
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4.2. ASC52telo Cell Line Characterization

ASC52telo cell line was purchased specifically for this project. Prior to
setting up experiments with this cells line, we decided to perform an evaluation
of MSCs' characteristics according to International Society for Stem Cell

Research (ISTC) guidelines.

ASC52Telo (Phase-Contrast Image)

Alizarin Red Oil Red Alcian Blue

ASC52Telo

Unstained Unstained Unstained Unstained Unstained
L i
CD34-PE CD45-PerCP CD73-APC CD90-VioBlue CD105-FITC
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Figure 16. ASC52telo cell line characterization. (A) ASC52telo cells in standard in vitro culture
show adherence to plastic and spindle shaped morphology. Phase-contrast Image. Magnification
4X. (B) From left to right: Alizarin Red, Oil Red and Alcian Blue staining showing osteocytic,
adipocytic and chondrocytic lineage, respectively, after the correspondent differentiation. (C) The
flow cytometry analysis displayed the cell population showed positivity for CD73, CD90 and
CD105 mesenchymal markers and low presence of CD34 and CD45 non-mesenchymal markers.

First, adherence to plastic under standard culture conditions was
confirmed, along with the observation of the spindle-shaped morphology (Figure
16A). Subsequent testing encompassed osteogenic, adipogenic, and
chondrogenic differentiation processes. ASC52telo cells demonstrated the ability
to generate fully differentiated cells from these distinct tissue subtypes as
evidenced by Alizarin Red, Oil Red and Alcian blue staining, performed after
specific differentiation stimuli (Figure 16B). Moreover, flow cytometry analysis of
mesenchymal markers confirmed the expression of CD73, CD90, and CD105
markers. The pan-haematopoietic marker CD45 and the CD34 marker, specific

of hematopoietic progenitors, were predominantly absent in the cell population.

88



Results

Nevertheless, it is noteworthy that the values obtained for the latter were higher
than expected (Figure 16C). Thus, verification of the mesenchymal profile of the
ASC52telo cell line was achieved in accordance with ISTC guidelines. These
findings corroborated the outcomes of a previous characterization study
conducted by Wolbank et al. in 2009 (186).

4.3. Specific SmurfiISMURF1 Silencing Using Gapmers

Specific LNA-ASOs GapmeR molecules were used to silence human
SMURF1 gene in the ASC52telo cell line. Similarly, a specific GapmeR for the
silencing of murine Smurf1 gene expression in mouse (C3H10T1/2 cell line) and
rat (primary rMSCS) cells was also tested. The use of GapmeRs offers several
advantages such as ease of production, high cellular uptake rates, economic
feasibility, clinical safety by eliminating the need for viral vectors, and enhanced

efficacy attributed to their resistance to nucleases (69).

Adhering to the instructions provided by the manufacturer, we conducted
the GapmeR lipofection procedure, using precise quantities to achieve a final
GapmeR concentration of 20nM. Specific GapmeRs for human and rat cells were
used (GpmR SMURF1 and GpmR Smurf1, respectively), and a negative control

GapmeR (GpmR Ctrl), with no affinity for any gene was applied as a reference.

Significant reduction in gene expression was reported in the three cell
types. C3H10T1/2 cell line data is not shown as it was documented in a previous
work (14), demonstrating an 80% gene silencing efficiency. Here, we present
findings concerning rMSCs and ASC52telo cell line, which also exhibited

approximately 80% reduction in Smurf1/SMURF1 expression (Figure 17).
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Figure 17. Relative Smurf1/SMURF1 expression on the human cell line ASC52telo and rat
primary MSCs. The graphs illustrate the expression of Smurf1 gene through gPCR analysis in
cells that were transfected with either a non-specific control GapmeR (GpmR Ctrl) or a GapmeR
specifically engineered for the silencing of Smurf1 (GpmR SMURF1) in ASC52telo cells and
rMSCs (GpmR Smurf1). The graphs display the average data from six distinct experiments (n=6),
with error bars indicating the standard error of the mean value. Statistical significance is indicated
as follows: * for p-value <0.05 and *** for p-value <0.001.

4.4. In Vitro Assessment of the Effect of Conditioned Media on

Osteogenic Differentiation in Rat Mesenchymal Stem Cells

Upon establishing that the silencing of Smurf1 in MSCs enhances their
osteogenic potential, as evidenced in both calvaria and ectopic models (69, 193),
we proceeded to evaluate the hypothesis that the conditioned media (CM) from
these Smurf1-silenced MSCs also exhibits increased osteogenic capabilities.
Following the optimization of conditions for effective silencing of the Smurf1 gene
in rMSCs (Figure 17), CM derived from these cells (rCM-Smurf1) was generated.
Additionally, CM samples were obtained from rMSCs treated with a control
GapmeR, serving as a negative control (rCM-Ctrl) in all experiments hereafter.
Primary rMSCs were exposed to rCM-Ctrl and rCM-Smurf1 for 48 hours, after

which the cells underwent osteogenic differentiation for a period of 12 days.

Important changes were observed at later time points, with no notable
differences at days 0 and 4. Our findings demonstrate a significant increase in
the expression of the key osteogenic transcription factor Runx2 on day 8 of
differentiation in rMSCs treated with rCM-Smurf1 compared to those treated with
rCM-Ctrl. Levels of alkaline phosphatase (Alp/) expression showed a significant
increase in rMSCs treated with rCM-Smurf1 at days 8 and 12. Correspondingly,
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a marked elevation in ALPL activity was observed in cells preconditioned with
rCM-Smurf1 (Figure 18A). Due to the key role of ALPL in osteogenesis, this would
suggest an enhanced osteogenic differentiation. This observation was further
corroborated by a progressive increase in mineralization, culminating in a
significant augmentation of calcium deposits in rMSCs treated with rCM-Smurf1

on day 12 (Figure 18A), as assessed through Alizarin Red staining (Figure 18B).
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Figure 18. In vitro osteogenic potential of Conditioned Media (CM) from rat Mesenchymal
Stem Cells (rMSCs). The effects of CM were measured on days 0, 4, 8 and 12 (DO, D4, D8, D12)
of osteogenic differentiation after 48 hours of induction with rCM-Ctrl or rCM-Smurf1. (A) Top.
Relative expression levels of Runx2 and Alpl genes in rMSCs determined by quantitative PCR.
Bottom. The left graph represents relative alkaline phosphatase activity in rMSCs. The right graph
shows level of mineralization quantified through Alizarin Red staining. The graphs present mean
values from three independent experiments (n=3). Error bars indicate the standard error of the
mean value. Statistical significance is indicated as follows: * for p-value <0.05 and *** for p-value
<0.001. (B) Alizarin Red staining during the 12 days of osteogenic differentiation showing calcium
deposits in red colour.

4.5. In Vitro Assessment of CM-SMURF1 Effect on the
ASC52telo Cell Line

After confirming the osteogenic effect of the CM in rMSCs, we decided to
replicate the experiment in human cells. This would significantly facilitate the final
aim of this project, which is to transfer our findings to clinical applications. To this
end, the human adipose tissue MSC cell line ASC52telo was obtained from

American Type Culture Collection (ATCC). Our goal using this cell line was to
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simplify cell handling, minimize the use of animals needed to produce MSCs for
our experiments, enhance result reproducibility, and optimize the production
process for a secretome-based medical product on a large scale. Upon
confirming the efficacy of a SMURF1-specific GapmeR in ASC52telo cells for
gene silencing (Figure 17), the CM produced by the transfected cells under study
(hCM-SMURF1) and the control counterpart without gene inhibition (hCM-Citrl)
were assessed. ASC52telo cells underwent a stimulation period of 48 hours with
hCM-SMURF1 or hCM-Citrl, followed by induction to differentiate for 20 days.
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Figure 19. Analysis of the in vitro osteogenic potential of Conditioned Media (CM) from
ASC52telo cell line. The effects of CM were measured on days 0, 16 and 20 (DO, D16 and D20)
of osteogenic differentiation after 48 hours of induction with hCM-Ctrl or hCM-SMURF1. (A) From
left to right. Relative expression levels of RUNX2 and ALPL genes analised by quantitative PCR
and alkaline phosphatase activity in ASC52telo cells. (B) Graph shows quantification of the
Alizarin Red staining of the ASC52telo cell line. The panel displays Alizarin Red staining showing
calcium deposits generated by ASC52telo during 16 and 20 days of osteogenic differentiation.
The graphs present the mean values from four independent experiments (n=4). Error bars
indicate the standard error of the mean value. Statistical significance is indicated as follows: * for
p-value <0.05.

No substantial alterations were detected in the expression levels of
RUNX2; however, a minor increase was observed at day 16 in ASC52telo cells
exposed to hCM-SMURF1 in comparison to hCM-Ctrl. Regarding ALPL, a
positive trend was identified, indicating an enhancement in the expression of this
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critical osteogenic marker in the hCM-SMURF1 condition. This trend was further
supported by an increase in ALPL enzymatic activity on day 20 of osteogenic
differentiation, though the change remained statistically non-significant (Figure
19A). Nonetheless, marked increases were observed in mineralization assays in
those cells preconditioned with hCM-SMURF1 (Figure 19B). As shown in the
Alizarin Red staining depicted in Figure 19B, we can see a significant
enhancement of calcium deposits at D16 of osteogenic differentiation of
ASC52telo cells when administered hCM-SMURF 1, underscoring the biological

relevance of our findings.

4.6. In Vitro Assessment of the Effect of CM-SMURF1 on
Human Mesenchymal Stem Cells from Osteoporotic

Patients

Building upon the positive outcomes from the in vitro experiments involving
rMSCs and ASC52telo cells, we sought to examine the influence of CM-SMURF1
in an in vitro model that closely mimics the clinical context we aimed to address.
Therefore, we replicated the experimental design conducted on these two cell
types using MSCs from osteoporotic patients (OP-hMSCs). In our previous
studies, we established that bone marrow MSCs extracted from individuals with
osteoporosis show a significantly reduced osteogenic capacity compared to
those sourced from healthy donors (185), thus, translating this therapeutic
approach to clinical application requires confirming the osteogenic benefit of
hCM-SMURF1 on these cells. The CM employed to investigate the osteogenic
response of these cells was derived from ASC52telo cells, as we required healthy
human cells. Accordingly, OP-hMSCs were harvested from the femoral head of
osteoporotic patients, cultured, and subjected to pre-treatment with hCM-Ctrl and
hCM-SMURF1 for a duration of 48 hours. As a positive control, we used 10 ng/mL
of recombinant bone morphogenetic protein 2 (BMP2), due to its established role
as an osteogenic inducer in clinical practice. Following this, osteogenic induction
proceeds for 20 days. All analysis were performed at endpoint. Analyses were
performed by inducing osteogenic differentiation in OP-hMSCs obtained from 23
patients individually.
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The osteogenic evaluation did not reveal significant differences in the
expression levels of key osteogenic genes RUNX2 and ALPL between cells
preconditioned with hCM-Ctrl or hCM-SMURF1. However, a trend towards
increased ALPL expression was noted (Figure 20A, top). Notably, significant
increases in both alkaline phosphatase activity and the level of mineralization of
hMSCs-OP pre-treated with hCM-SMURF1 were consistently observed across
all experiments (Figure 20A, bottom, and Figure 20B). Furthermore, the
comparison of ALPL activity and mineralization levels induced by the hCM-
SMURF1 treatment were highly similar to those observed following BMP2
treatment in the hMSCs-OP.
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Figure 20. Analysis of in vitro osteogenic potential of human osteoporotic Mesenchymal
Stem Cells (OP-hMSCs) treated with Conditioned Media (CM). Human MSCs derived from
femoral heads from patients suffering from osteoporotic fracture were preconditioned for 48 hours
with hCM-Ctrl, hCM-SMURF1 and BMP2 before undergoing a 20 day-osteogenic differentiation.
(A) Top. Normalized results of RUNX2 and ALPL relative gene expression in hOP-MSCs by
quantitative PCR after 20 days of osteogenic induction. Bottom. The left graph represents the
alkaline phosphatase activity in hOP-MSCs at day 20 of osteogenic differentiation. The right graph
shows quantification of the Alizarin Red staining performed at day 20 of osteogenic differentiation.
The graphs present normalized values from 23 independent experiments, as cells from every
patient were analysed independently (n=23). Error bars indicate the standard error of the mean
value. Statistical significance is indicated as follows: * for p-value <0.05. (B) Representative
Alizarin Red staining at day 20 of osteogenic differentiation displaying calcium deposits in red
colour.
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4.7. Impact of CM-SMURF1 on Proliferation, Migration and

Chemotactic Behaviour

After confirming the positive effects of rCM-Smurf1/hCM-SMURF1 on
osteogenesis, it is crucial to evaluate whether this CM influences other basic
cellular functions of MSCs, that might either support or hinder bone regeneration.
Since the production of the CM using human MSC cell lines is crucial for the
industrial scalability and clinical application, we investigated the effects of the
hCM-SMURF1 on the cell proliferation, migratory behaviour, and chemotactic

response.

To assess cell proliferation, ASC52telo cells were exposed to hCM-Ctrl or
hCM-SMURF1 for 48 hours. Two additional controls were included: culture
medium with no CM and CM directly harvested from untransfected cells (hCM-
UT). Following the 48-hour exposure, cells were cultured in standard medium for
nine days, with indirect cell quantification performed every two days using MTT
assays. The results showed a modest trend towards enhancement in cell
proliferation among those cells treated with hCM-SMURF1 by day 7. This effect
did not persist at later time points (Figure 21A).
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Figure 21. Analysis of the effect of Conditioned Media (CM) on basic cellular functions. (A)
Results from the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] proliferation
assay performed in ASC52telo cells for 9 days after 48 hours of pre-conditioning with culture
media (no CM), CM from untransfected cells (hCM-UT), hCM-Ctrl, and hCM-SMURF1. The
results are presented as the difference of each day relative to the previous day. (n=3) (B) Wound
healing assay studying the influence of the culture media (no CM), CM from untransfected cells
(hCM-UT), hCM-Ctrl, and hCM-SMURF1 on cell migration to repair a mechanical damage. Graph
represents the empty area in each experimental condition at different time-points (0, 12, 24 and
36 hours). (C) Chemotactic response of MSCs to culture media (no CM), hCM-Ctrl, and hCM-
SMURF1 was measured using transwell inserts. SDF-1a recombinant protein was used as a
positive control. For all experiments, graphs represent the average values of three experiments.
Error bars show standard deviation of the mean values. (*: p-value < 0.05; ***: p-value < 0.001).

To evaluate the capacity of hCM-SMURF1 to promote cellular repair
following mechanical injury, we employed a wound healing assay. Confluent
ASC52telo cultures were exposed to hCM-UT, hCM-Ctrl, and hCM-SMURF1 for
48 hours, along with a condition without CM. A defect was introduced to the cell

monolayer, and the recovery process was monitored at 0, 12, 24, and 36 hours

until full confluency was restored. A significant enhancement in the migratory

96



Results

capacity was observed in all cells treated with CM, independently of the source
of this CM (Figure 21A). While no significant differences were observed between
cells pretreated with hCM-Ctrl or hCM-SMURF1, the wound healing process
showed a considerable improvement in cells treated with hCM-SMURF1

compared to the standard culture medium (Figure 21B).

To further explore the effects of hCM-SMURF1 on fundamental properties
of MSCs, we examined whether this CM could modulate the chemotactic
response of MSCs using a Transwell assay. ASC52telo cells were in the upper
chamber with different CM placed in the lower chamber. Cell migration through
the membrane was used to quantify chemotactic response. Stromal cell Derived
Factor 1-alpha (SDF1-a), a standard chemoattractant, served as a positive
control. Both hCM-Ctrl and hCM-SMURF1 significantly increased MSC migration
compared to the control without CM. Notably, cell migration towards hCM-
SMURF1 approached levels observed with SDF1-a (Figure 21C).

4.8. Evaluation of the Effect Of CM-SMURF1 on Ex Vivo Human

Bone Culture.

To gain insight into how hCM-SMURF1 affects bone formation within the
context of bone’s natural microenvironment, we used human ex-vivo bone
cultures from the femoral head of osteoporotic patients. We hypothesised that
this CM could be more effective in promoting osteogenesis within the bone
microenvironment compared to in vitro models. To test this hypothesis, we
investigated the effects of hCM-SMURF1 on human bone fragments obtained
from osteoporotic patients (191). The bone specimens were collected from three

patients with osteoporotic fractures.
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Figure 22. Pro-osteogenic effect of conditioned medium from ASC52telo on human
osteoporotic bone fragments. Gene expression analysis of RANKL, OPG, M-CSF and BGLAP
genes in human osteoporotic bone samples cultured ex vivo in 50% of hCM-Ctrl or hCM-SMURF 1
for 4 days. The graphs display the average data from eighteen distinct fragments (n=18), with
error bars indicating the standard error of the mean value. Statistical significance is indicated as
follows: *: p-value < 0.05; *** is p-value <0.001.

Six bone samples from each patient were cultured in appropriate medium
supplemented with either 50% of hCM-Ctrl or hCM-SMURF1 for four days. After
the incubation period, the bone fragments were disaggregated, and total mMRNA
was extracted for gene expression analysis. hCM-SMURF1 treatment resulted in
a significant reduction in the expression of Receptor Activator of Nuclear Factor
Kappa B Ligand (RANKL), a key regulator of osteoclast differentiation and
activation, which leads to bone resorption (Figure 22). However, the expression
of Osteoprotegerin (OPG), a decoy receptor for RANKL, remained unchanged,
resulting in an overall reduction of the RANKL/OPG ratio. This ratio is a critical
indicator of the balance between bone resorption and formation. No significant
changes were observed in the levels of M-CSF (Macrophage Colony-Stimulating

Factor) or BGLAP (Bone Gamma-Carboxyglutamate protein) (Figure 22).
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4.9. Analysis of the Pro-Osteogenic Effect of the rCM-Smurf1

in an In Vivo Ectopic Bone Formation Model.

The in vitro studies on osteogenesis, along with the evaluations of cell
proliferation, migration, and chemotaxis, as well as the ex vivo model, suggest
that CM-SMURF1 may have a positive impact on bone regeneration. Therefore,
it was essential to also evaluate this effect in in vivo models. For this, we first
used an ectopic model where rat MSCs were seeded in alginate scaffolds and
pre-treated with CM prior to their subcutaneous implantation in Sprague-Dawley
rats. The ectopic location of this implants ensures that any observed osteogenic
effects would be a result of the osteogenic activity over the implanted cells. As
described in the materials and methods section, we evaluated the effects of rCM-
Ctrl and rCM-Smurf1. As controls, we included an empty scaffold (No Cells) and
a scaffold with untreated MSCs. Implants were surgically excised after 8 weeks
and analysed for new bone formation using histological techniques. Three

scaffolds per condition were subjected to this analysis.

Scaffolds seeded with rMSCs pre-treated with rCM-Smurf1 showed
extensive bone matrix formation, characterized by dark blue staining in the
collagen matrix using Masson-Goldner technique (Figure 23A, top panel). Cells
embedded within the bone matrix and surrounded by an empty region,
resembling osteocytes within osteocytic lacunae, were observed in the rCM-
Smurf1 sample at higher magnification. Quantification of new bone formation
revealed increased bone matrix presence in the rCM-Smurf1 scaffolds, as

evidenced by the more intense staining (Figure 23A, bottom).

Furthermore, immunohistochemical analysis using anti-alkaline
phosphatase (ALPL) and anti-osteocalcin (OCN) antibodies indicated significant
higher expression of these key osteogenic proteins in scaffolds populated with
MSCs pre-treated with rCM-Smurf1, as evidenced by the intense staining (Figure
23B, top panel). Quantification confirmed a significant increase in ALPL and OCN
levels in rCM-Smurf1-treated scaffolds compared with the rest of conditions
(Figure 23B, bottom).
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Figure 23. In vivo analysis of the pro-osteogenic effect of Conditioned Media (CM) in an
ectopic rat model. The experiment analyse the effect of rCM-Ctrl or rCM-Smurf1 on rMSCs
seeded on scaffolds that release BMP2. Empty scaffolds (No cells) and scaffolds with cells only
(no CM) were added as controls. (A) Masson'’s trichrome staining of the ectodermically implanted
scaffolds. Collagen of the extracellular bone matrix stained in dark blue. Presence of osteocyte
lacunae is noted in rCM-Smurf1. Quantification of new bone formation is also depicted (Bottom).
(B) Histological sections of the scaffolds stained by immunohistochemistry with specific antibody
for detection of alkaline phosphatase (ALPL) and Osteocalcin (OCN). Quantification of ALPL and
OCN levels observed are obtained from the histological sections (Bottom). All histological analysis
of sections were obtained from decalcified implants after 8 weeks. Representative images from
all the sections quantified are shown. Graph represents the average values of four measures in
three different scaffolds (n=3). Error bars show standard deviation of the mean values. (**is p-
value <0.01; *** is p-value <0.001).

4.10. Analysis of the Pro-Osteogenic Effect of the mCM-Smurf1

in an In Vivo Calvaria Bone Defect Mouse Model

Although the ectopic model showed promising results, it does not fully
replicate a clinical context, as there is no injury to be repaired, and the implanted
MSCs are healthy and preserve a fully osteogenic capacity. This could lead to
outcomes different from those expected in bone regeneration therapies. To
investigate whether CM-Smurf1 can stimulate a regenerative response in
endogenous MSCs, we designed an experimental protocol that entailed the
generation of a calvaria bone defect in healthy mice. To this end, the CM was
produced in the C3H10T1/2 murine MSC line. A bone defect was created in the
calvaria, which was then covered with a gelatine scaffold containing alginate

microspheres loaded with CM. These microspheres enabled the sustained
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release of the CM, thereby facilitating bone regeneration. We tested both mCM-
Ctrl and mCM-Smurf1 in this setup with additional controls including empty
microspheres (negative control) and microspheres releasing the pro-osteogenic

molecule BMP2 (positive control).

A C 3D
Quantification of reconstructions
proteins
12 4
£ 10 1
2 Blank
o 87
Q.
5 67
- 4
E 4
2 2
04
Free Conditioned CM
Conditioned Media in n=6 Ctrl
Media microspheres
B
% Bone Regeneration
60 - oM
50 - Smurf1
& 40
S
$ 30
[
S 201
10 4
BMP2
0 B

BLANK  CM-Ctrl CM-Smurfl BMP2
n=3

Figure 24. Analysis of the pro-osteogenic effect of the sustained release of Conditioned
Media (CM) in the repair of a Calvaria bone defect in mice. (A) Efficiency of Conditioned Media
encapsulation. Protein quantification in ug/mL of conditioned media pre- and post-encapsulation
into PGLA microspheres. The data shown are the mean values of six independent measurements
(n=6). (B) Percentage of bone regeneration obtained in the bone calvaria defect model after 14
weeks of treatment with microspheres-loaded scaffolds containing polyvinyl acid (Blank), mCM-
Ctrl, mCM-Smurf1 and BMP2. Bone regeneration levels were measured based on the size of the
original. The data shown are the mean values of three independent scaffolds (n=3). Error bars
show standard deviation of the mean values. (C) Representative images from the calvaria defects
after the treatment with scaffolds sustainably releasing CM-Smurf1 quantified are shown.

Although the protocol for the encapsulation of compounds in microspheres
had been well established by Dr Diaz-Rodriguez's group, it this was the first time
that CM encapsulation had been performed. It was therefore important to
measure the performance of this procedure. To this end, a direct methodology for
quantifying the protein concentration present in the CM both pre- and post-

encapsulation was employed. Protein concentration was measured before and

after encapsulation, revealing an initial concentration of approximately 10 pg/mL
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in the unencapsulated CM and around 9 ug/mL in the microspheres, resulting in

an encapsulation yield of 91,17% (Figure 24A, left).

The results indicated a notable increase in bone formation, with over 25%
more new bone in the mCM-Smurf1 compared to the mCM-Ctrl group, however
this increase did not reach statistical significance (p=0.06). Nonetheless, a clear
trend was observed: Both mCM-Smurf1 and BMP2 microspheres demonstrated
higher regeneration values compared to the negative control and CM-Citrl (Figure
24A, right), suggesting that treatments may positively influence resident MSCs

located in the surrounding bone tissue (Figure 24B).

4.11. Analysis of the Pro-Osteogenic Effect of the mCM-Smurf1

in an In Vivo Osteoporotic Mouse Model

To effectively translate the findings of this research to osteoporotic
patients, it is necessary to establish an in vivo model that accurately mimics the
characteristics of this condition. We employed an ovariectomized (OVX) murine
model to replicate postmenopausal osteoporosis, aiming to evaluate the effect of
CM derived from MSCs where Smurf1 has been silenced on the prevention of
bone loss inherent to osteoporotic disease. Healthy female mice underwent
bilateral ovariectomy, and one week post-surgery, received a single
intramedullary injection of CM into one femur. The study included three groups of
OVX mice: one group received only NaCl (OVX), another group was received CM
from murine MSCs transfected with a control GapmeR (mCM-Ctrl), and one last
group received CM from C3H10T1/2 cells transfected with a GapmeR targeting
Smurf1 (mCM-Smurf1). An additional group that did not undergo ovariectomy or
injection (Sham group) was included, serving as a positive control for the
experiment. Both trabecular and cortical bone changes were assessed one

month post-injection.
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Figure 25. Trabecular and cortical microCT analysis of the effect of the local intraosseous
administration of Conditioned Media (CM) in an ovariectomized (OVX) osteoporotic mouse
model. (A) Representative micro-CT coronal and transaxial 3D reconstructions from the distal
end of femurs from sham, untreated-OVX, OVX treated with CM-Ctrl and OVX treated with CM-
Smurf1 mice. (B) Bone volumeftissue volume (BV/TV), trabecular number (Tb.N), trabecular
thickness (Tb.Th) and space between trabeculae (trabecular separation, Tb.sp) of femurs from
each condition were analyzed by using micro-CT imaging system. (C) Cortical thickness (Ct.Th),
Cortical Area (Ct.Ar), Total Area (Tt.Ar) and Cortical Area/Total Area (Ct.Ar/Tt.Ar) from the mid-
point of femurs from each condition also were analised. The graphs display means of measures
of 5 independent femurs (n=5). Error bars indicate the standard error of the mean value. (*: p-
value < 0.05; **; p -value < 0.01).
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Trabecular bone analysis at the distal femur showed a significant decrease
in trabecular structures in the NaCl group compared to the Sham control with the
NaCl group bones being almost depleted of trabecular structures compared to
the Sham Control (no OVX mice). This confirmed successful induction of
osteoporosis. Importantly, mice treated with the mCM-Smurf1 exhibited a higher
proportion of trabecular bone compared to both the OVX mice and mCM-Ctrl
groups, suggesting a protective effect of mCM-Smurf1 on trabecular bone
preservation during osteoporotic conditions (Figure 25 A). Micro-CT analysis
revealed a significant increase in the Bone Volume to Total Volume (BV/TV) ratio
in the mCM-Smurf1 group compared to the OVX and CM-Ctrl groups, indicating
enhanced bone formation due to Smurf1 silencing. The positive effect of mCM-
Smurf1 was also reflected in the trabecular number (Tb.N) and trabecular
separation (Tb.sp) values, although no significant differences were observed at
this level between the mCM-Ctrl and mCM-Smurf1 groups. No significant
changes in cortical bone parameters were detected among the different

experimental groups (Figure 25C).

4.12. Isolation and Characterization of the Vesicular Fraction of
MSC Conditioned Media

As outlined in the introduction, the secretome consists of both a soluble
fraction and a vesicular fraction, also known as Extracellular Vesicles (EVs). To
comprehensively analyse the secretome produced in the ASC52telo cells line, it
is essential to separate and study these two components independently, which
requires effective isolation of EVs from the secretome. For this purpose, we
employed ultracentrifugation, a widely used technique for EV isolation. The
resulting pellet contains the EVs, while the supernatant represents the soluble

fraction.

Following isolation, EVs were characterized using Nanoparticle Tracking
Analysis (NTA) to determine total particle count and mean size of the isolated
EVs. The average particle diameter of EVs was stablished at 131.3 +/- 3.7 nm for
the hCM-Ctrl and 114.3 +/- 6 nm for the hCM-SMURF1 (Figure 26A). The
prominent peaks observed within the 50-150 nm range suggest presence of

exosomes, typically 30-150 nm in size. Transmission Electron Microscopy (TEM)
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further confirmed the presence of EVs in both samples, displaying characteristic
vesicular morphology (Figure 26B). To further characterize the isolated
exosomes, an immunobead assay was performed using bead-bound capture
antibodies and a fluorochrome-conjugated detection antibody. Flow cytometry
analysis demonstrated the presence of specific exosome surface markers CD63
and CD9 in both hCM-Ctrl and hCM-SMURF1 samples (Figure 26C).
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Figure 26. Characterization of the extracellular vesicles isolated from hCM-Ctrl and hCM-
SMURF1. (A) Nanoparticle Tracking Analysis (NTA) displays total particle count and mean size
of the isolated EVs. (B) Transmission Electronic Microscopy (TEM) image of EVs isolated from
hCM-Ctrl and hCM-SMURF1. Typical vesicular morphology is displayed. Scale bar 50 nm. (C)
Flow cytometry analysis using a bead-bound capture antibody system for the detection exosome
markers CD63 and CD9. EVs from hCM-Ctrl and hCM-SMURF1 show CD63 marker, revealed
through specific binding with autofluorescence beads, and CD9 marker due to the association
with CD9-PE (phycoerythrin) antibody (blue). A control group using beads only (no EVs or CD9
antibody) was added to the analysis (green), showing lack of PE detection. Partial overlap in PE
fluorescence is observed in the other control group, which consists of beads and CD9 antibody
in absence of EVs (red). (D) Representative confocal microscopy images show EVs stained with
Vybrant CM Dil (red) and MSCs stained with Phalloidin (green) after two hours of exposition of
cells to the stained EVs.
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To validate the functional capability of the isolated exosomes, we
conducted internalization assays. Exosomes isolated from ASC52telo were
stained utilizing Vybrant CM-Dil membrane dye (red dye) and incubated with
ASC52telo cells in culture for 2 hours. Following this incubation, the cells were
stained with phalloidin (green dye), allowing visualization of the cytoskeletal actin
fibers. High-resolution three-dimensional images acquired from confocal
microscopy confirmed the successful internalization of the isolated exosomes by
MSCs within this 2-hour incubation period (Figure 26D).

4.13. Analysis of the Pro-Osteogenic Activity of the Soluble and
Vesicular Fractions of hCM-SMURF1

After establishing the protocol for isolating soluble and vesicular fractions
from hCM-Ctrl and hCM-SMURF1, we investigated their individual abilities to
induce osteogenic differentiation. ASC52telo cells were incubated with either the
soluble or vesicular fraction derived from hCM-Ctrl or hCM-SMURF1 for 48 hours,
prior to osteogenic induction. The media was then replaced, and osteogenic
differentiation was induced according to standard procedures. Osteogenic
markers, alkaline phosphatase activity and mineralization were analysed on day

16 post-induction.
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Figure 27. Assessment of pro-osteogenic activity of the soluble and vesicular fractions of
hCM-SMURF1. (A) Expression of osteogenic markers, alkaline phosphatase activity and
mineralization of ASC52telo cells at day 16 of osteogenic differentiation after 48 hours of induction
of soluble (SF) or vesicular (VF) fraction of hCM. Top, left: RUNX2 expression of cells exposed to
SF and VF of hCM-Ctrl and hCM-SMURF1. Top, right: ALPL expression of cells exposed to SF
and VF of hCM-Ctrl and hCM-SMURF1. Bottom, right: ALPL enzymatic activity of cells exposed
to SF and VF of hCM-Ctrl and hCM-SMURF1. Bottom, right: Quantification of mineralization of
cells exposed to SF and VF of hCM-Ctrl and hCM-SMURF1. Results are presented as means of
3 independent experiments (n=3). Error bars indicate the standard error of the mean value. p-
value is represented with *. * is p-value <0.05 and ** is p-value <0.01. (B) Representative Alizarin
Red Staining images showing the stimulation of mineralization seen in both fractions of hCM-
SMURF1.

Analysis of osteogenic markers revealed a significant increase in the
RUNX2 expression in cells pre-treated with the soluble fraction (SF) of hCM-
SMURF1 compared to that of the hCM-Ctrl. This also applied to the expression
levels of ALPL, which are mirrored by an enhanced alkaline phosphatase activity
in cells treated with this SF (Figure 27A). Although no substantial changes were
observed in these parameters between the vesicular fractions (VF) of hCM-Ctrl
and hCM-SMURF1, both the SF and the VF of hCM-SMURF1 showed
significantly higher mineralization levels, as assessed by alizarin red staining,
compared to hCM-Ctrl. This suggests that both the SF and VF of hCM-SMURF1,

contribute to the mineralization process in vitro (Figure 27A and Figure 27B).
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4.14. Evaluation of the Pro-Osteogenic Protein Content of
Soluble and Vesicular Fractions of hCM-Ctrl and hCM-
SMURF1.

Having established the pro-osteogenic effect of hCM-SMURF1, we
demonstrated through the previous results that both the soluble and vesicular
fractions contribute to this potential. Hence, our objective is to identify the specific
components within each fraction that are responsible for this effect. We sought
aimed to identify proteins that were differentially regulated in the soluble and
vesicular fractions of hCM-Ctrl and hCM-SMURF1. For this purpose, we
compared the proteomes of these fractions of hCM-Ctrl and hCM-SMURF1 from
four independent silencing experiments by mass spectrometry. The study
identified a significant number of differentially expressed proteins. Proteins that
were overexpressed by at least 2-fold (in blue) or under-expressed (in green) in
hCM-SMURF1 compared with hCM-Ctrl, with statistical significance are
represented in a volcano plot (Figure 28A). Among these proteins, key regulators
of bone formation: PREPL (Prolyl Endopeptidase Like) and FMOD (Fibromodulin)
were overrepresented in the soluble fraction of hCM-SMURF1, while SPARC
(Secreted Protein Acidic and Cysteine Rich) and CCN2 (Cellular Communication
Network Factor 2) were overrepresented in the vesicular fraction of hCM-
SMURF1. In all cases, qPCR validation of the results was consistent with the
relative abundance of these proteins found in the mass spectrometry analysis
(Figure 28B). The Heatmap show that the samples analysed show similar protein
expression pattern, then reinforcing the reproducibility and reliability of the results
(Figure 28C).
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Figure 28. Determination of pro-osteogenic protein factors of the soluble and vesicular
fractions of hCM-SMURF1. (A) Vulcano plot showing differently expressed proteins between
hCM-Ctrl and hCM-SMURF1 for both soluble and vesicular fraction. Statistical significance was
determined using an adjusted t-test against hCM-Ctrl, with a p-value threshold of 0.05 and a fold
change of 2 or more. Proteins that are overexpressed by at least 2-fold in hCM-SMURF1
compared with hCM-Ctrl are represented in blue. Proteins under-expressed in hCM-SMURF1
compared with hCM-Ctrl are shown in green. 4 overexpressed proteins strongly related to
prosteogenic activity are highlighted: SPARC, CTGF, PREPL and FMOD. Four independent
samples of each conditioned media were tested (n=4) (B) Validation of relative expression by
quantitative PCR of 2 proteins overexpressed in soluble fraction (SPARC and CTGF) and 2
proteins overexpressed in vesicular fraction (PREPL and FMOD) of CM-SMURF1. Results are
presented as means of 3 independent genes measures (n=3). Error bars indicate the standard
error of the mean value. *: p-value < 0.05. (C) The Heatmap of overexpressed and
underexpressed proteins shows similar protein expression pattern between the 4 independent
samples studied in this analysis (n=4).

To gain an overview of the principal biological processes associated with
the proteins that were significantly different in the two sets of samples, we

performed Gene Ontology (GO) analysis. Significantly enriched proteins from the
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hCM-SMURF1 vesicular fraction were associated with the GO biological

processes “extracellular matrix organization” and “ossification” (Figure 29).
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Figure 29. Gene Ontology (GO) analysis of proteins significantly enriched in soluble and
vesicular fractions of hCM-SMURF1. Top ten GO terms differentially represented in the (A)
soluble (SF) and (B) vesicular fraction (VF) protein content of hCM-Ctrl and hCM-SMURF1.
Positive normalized enrichment score means GO terms overrepresented in hCM-SMURF1 in
comparison with CM-Ctrl (in blue). Negative normalized enrichment score means GO terms
underrepresented in hCM-SMURF1 in comparison with CM-Ctrl. Among GO biological processes
enriched in SF of hCM-SMURF1, “Regulation of anatomical structure size” and “Regulation of
morphogenesis” stand out. Importantly, GO biological processes of “Extracellular matrix
organization” and “Ossification” are enriched in VF of hCM-SMURF1. FDR: False Discovery Rate.
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4.15. Evaluation of the Effect Of CM-Smurf1/SMURF1 on Other

Cells of the Bone Microenvironment

The primary aim of this work is to develop a treatment for application to
bone tissue. Consequently, it is anticipated that this intervention will not solely
influence the resident MSCs but will also affect other cell types within the bone
microenvironment, including osteocytes and osteoclasts. Analysing the impact of
the modified MSCs' conditioned media on these cells is essential, given their
interrelated roles in maintaining bone homeostasis, as outlined in the introductory
section. Alterations affecting a specific cell type could potentially influence other
cell types and determine the therapeutic efficacy or ineffectiveness of the

proposed approach.

To this end, we conducted a study to assess the influence of mMCM-Ctrl and
mCM-Smurf1 on osteocytes. Before we could perform the analysis, it was critical
to ensure that they do not experience cytotoxicity upon exposure. We therefore
conducted an initially cell viability assessment using the murine pre-osteocyte cell
line Ocy454. These cells were exposed for 24 hours to standard culture medium,
mCM-Ctrl, and mCM-Smurf1, at three distinct concentrations of CM (10%, 25%,
and 50%) to ascertain whether any cytotoxic effects, if present, were dose-
dependent. Following the 24-hour exposure period, both viable and non-viable
cells were counted, revealing no significant increase in cell death in any of the
conditions tested compared to the standard media, indicating that the CM does
not induce cytotoxicity in Ocy454 cells (Figure 30A). Osteocytes function not only
as structural elements but also as pivotal regulators of bone metabolism, capable
of influencing osteoclastic and osteoblastic activities in response to external
stimuli (12, 203); therefore, the effect of CM on these cells are relevant to all
cellular types within the bone microenvironment. Accordingly, we performed a
bone homeostasis marker study after the 24-hour exposure of Ocy454 cells to
50% mCM-Ctrl and mCM-Smurf1. Our findings indicate that mCM-Smurf1
induces a statistically significant reduction in the Rankl/Opg ratio, suggesting a
decrease in bone resorption and, consequently, a potential for bone preservation.
Furthermore, Sclerostin (Sost), Dickkopf1 (Dkk1), and Macrophage Colony-

Stimulating Factor (M-csf) also exhibit significant decreases (Figure 30B),
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aligning with the observed results of the Rankl/Opg ratio, as Sost and Dkk1 inhibit

osteoblastic activity while M-csf facilitates osteoclast formation (13, 203).
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Figure 30. Effect of CM-Smurf1in murine Ocy454 preosteocytes-like cells. (A) Viability assay
performed using trypan blue staining. Fresh standard media was used as a control, and a 24h-
exposure of 10%, 25% and 50% of each conditioned media was tested. After that time, every
condition was counted 4 times (n=4) (B) Relative expression of Rankl/Opg, Sost, Dkk1 and M-csf
genes by gPCR. The graphs present normalized values from 3 independent experiments (n=3).
Error bars indicate the standard error of the mean value. *: p-value < 0.05.

Osteoclasts, on the other hand, are essential for bone homeostasis due to
the role in bone resorption. Evaluating the effect of mCM-Smurf1 on the activity
of these cells can also provide significant insights into how bone tissue might
respond to treatment in patients. For this purpose, we used the RAW 264.1
macrophage cells line. In this cellular model, osteoclastogenesis was induced by
adding recombinant mouse RANKL protein to the culture medium. Additionally, a
subset of the RAW 264.1 cells was subjected to treatment with mCM-Ctrl or
mCM-Smurf1 to assess whether the presence of the CM could either accelerate
or inhibit osteoclast formation or activity. On day 6 of the experiment, nuclei
counting, and tartrate-resistant acid phosphatase (TRAP) staining revealed that
the number of multinucleated cells (=3 nuclei) was significantly reduced in cells
exposed to RANKL + mCM-Smurf1 compared to the positive control, which
received only RANKL, as well as to cells that were treated with RANKL + mCM-
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Ctrl (Figure 31). This suggests that

mCM-Smurf1 could attenuate

osteoclastogenesis and favour net bone mass gain.
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Figure 31. Effect of CM-Smurf1 in RAW 264.1 macrophage cells line osteoclastogenesis.
(A) Representative composite images showing nuclei and tartrate-resistant acid phosphatase
(TRAP) activity after 6 days of osteoclastogenesis induction with recombinant mouse Rankl
protein. Rankl is combined with CM-Ctrl or CM-Smurf1 to evaluate their impact during this
process. (B) Number of cells counted containing 3 or more nuclei for each condition. The graphs
present mean values of 4 measures from 3 independent experiments (n=3). Error bars indicate
the standard error of the mean value. (**: p-value < 0.01, ***: p-value < 0.001).
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5. DISCUSSION

5.1. Osteoporosis in the Present

Osteoporosis is the most prevalent chronic metabolic bone disorder, as
noted by the World Health Organization (WHO). With an ageing population,
osteoporosis cases are expected to double over the next two decades, affecting
around 50% of women and 20% of men over 50 years old. Current treatments
require personalised approaches, often involving complex therapeutic strategies
to minimise long-term side effects such as atypical femoral fractures,
osteonecrosis of the jaw, infections, and endocrine and cardiovascular
complications. Therefore, there is an urgent need to optimise and improve
therapeutic strategies to enhance clinical practice, treatment adherence, and the
development of cost-effective interventions (45, 54). Our findings highlight the
ongoing challenge of managing osteoporosis. The increase in cases, particularly
among those over 50, calls for effective treatments that not only improve bone
mineral density but also reduce the risk of fractures. This study shows potential

in developing new therapeutic approaches that could better address these needs.

5.2. Mesenchymal Stem Cell Secretome as a Therapeutic

Alternative

MSCs secretome therapies have gained interest due to their advantages,
such as no need for engraftment, lower immunogenic risk, ease of production,
safe storage, and flexibility. However, the natural secretome may not provide
optimal regenerative effects, so bioengineering approaches like hypoxia,
exposure to inflammatory factors, 3D culture systems, or genetic modification are
being used to enhance its osteo-regenerative potential. These modifications aim
to improve the therapeutic application of the MSC secretome by modulating key
signalling pathways, including the bone morphogenetic proteins (BMPs) pathway
(87, 204). Prior investigations conducted by our research explored this particular
pathway to implement genetic alterations aimed at enhancing the osteogenic
capacity of MSCs. Specifically, it was established that the transient silencing of
Smurf1, a canonical inhibitor of the BMPs signalling pathway, in murine MSCs

results in a notable augmentation of bone formation in osteoporotic subjects (69).
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However, when Smurf1 was silenced in murine MSCs in vitro prior to the induction
of osteogenic differentiation, the pro-osteogenic effect was markedly diminished
and did not correlate with the significant bone formation observed in vivo (205).
This discrepancy between in vivo and in vitro effects suggests that paracrine
signalling, rather than direct differentiation, is likely the primary mechanism
behind the observed bone regeneration. Our research supports the idea that
MSCs influence the bone microenvironment mainly through their secretome,
enhancing the function of resident cells via the secretion of trophic factors and
points to a crucial role of the paracrine mechanisms exerted by the Smurf1-
silenced MSCs in the process of bone formation. These findings would
corroborate earlier research that emphasizes that a substantial proportion of the
regenerative effects attributed to MSCs arises from their capacity to enhance the
functionality of tissue-resident cells via the secretion of trophic factors, rather than

their intrinsic ability to differentiate into specific cell lineages (206-208).
5.3. Experimental Approaches

To further examine the osteogenic potential of the secretome or
conditioned medium (CM) derived from MSCs with silenced Smurf1, various
types of MSCs have been employed. Primary rat bone marrow MSCs (rMSCs),
the murine bone marrow MSC cell line C3H10T1/2, and the human adipose-
derived MSC cell line ASC52telo were used to generate CM for experiments
involving rat, mouse, and human models, respectively. Despite the complexity of
using different biological systems, obtaining results that point in the same
direction across all these systems strengthens those findings and their biological
significance, suggesting that the underlying molecular mechanisms are

evolutionarily conserved.

Rat MSCs (rMSCs) were initially chosen for secretome experiments due
to our group's prior expertise with these cells, while the ASC52telo cell line was
specifically acquired for this project as our long-term aim is to develop a treatment
intended for human application. The direct effect of Smurf1 silencing in the
C3H10T1/2 cell line was not investigated in this work since such study had
previously been performed by our group (14). The decision to perform studies in

the ACS52telo cell line was motivated not solely by the need to produce a human
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secretome, but also by the additional advantages offered by the use of a cell line,
such as easier manipulation, increased reproducibility of results and the
elimination of the need to sacrifice animals for each experiment, and the potential
for continuous CM production under suitable culture conditions, such as in a
bioreactor (209). The characterization of ASCS52telo cell line confirmed the
findings reported by Wolbank et al. in 2009 (186). These cells meet the criteria
established by the International Society for Cell and Gene Therapy (ISCT), as
they adhere to plastic, can differentiate into bone, cartilage, and adipose tissue,
and demonstrate positivity for the CD73, CD90, and CD105 surface markers and
negative for CD34 and CD45.

After establishing the culture of rMSCs and the ASC52telo cell line and
confirming the mesenchymal characteristics of the latter, we determined that the
GapmeRs-mediated transient gene inhibition system was suitable for these
models and effectively silenced the Smurf1 gene. Cell morphology and viability
were assessed post-inhibition, and the Smurf1 expression levels in cells treated
with specific GapmeRs were evaluated. The relative expression levels of the
Smurf1 gene were significantly lower in the murine and human cells treated with
the Smurf1-specific GapmeR, showing over 80% silencing across both cellular
types. The results showed high reproducibility, confirming the suitability of this
system for generating CM from Smurf1-silenced MSCs. We investigated the
osteogenic potential of the CM generated from MSCs, murine or human, where
Smurf1/SMURF1 gene had been silenced (rCM-Smurf1 and hCM-SMURF1
respectively). Various in vitro analyses were conducted where rMSCs and human
ASC52telo cells were pre-treated with CM obtained from cells of the
corresponding cell type before induction of osteogenic differentiation. Our
findings clearly demonstrate that the CM from MSCs where Smurf1/SMURF1 has
been silenced promotes osteogenic differentiation in vitro, as evidenced by the
significantly elevated alkaline phosphatase (Alpl) activity and mineralization in
rMSCs, alongside the increased mineralization observed in the ASC52telo cells.
However, except for the noted increase in Alpl expression in the murine model,
none of the principal osteogenic markers exhibited statistically significant
changes in their expression levels. One potential explanation to this effect is that

the deposition of extracellular matrix components, such as collagen and
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proteoglycans, could promote mineralization without directly influencing the
expression of these key osteogenic markers. Extracellular matrix components
like collagen and proteoglycans can enhance mineralization by altering tissue
stiffness and interacting with specific receptors (210, 211). In fact, numerous
studies have consistently indicated that mineralization assays, such as alizarin
red staining, yield the most definitive evidence of functional osteogenesis (212,
213). Consequently, the increased mineral deposition observed after
preconditioning human or murine MSCs with the corresponding CM indicates
improved osteogenic differentiation in both experimental systems. The results
obtained in vivo in the ectopic rat model reinforce the initial conclusions gathered
from the in vitro models. The results from this experiment revealed that the new
bone formation, assessed via Masson's trichrome staining, is markedly higher in
rMSCs treated with rCM-Smurf1 compared to rCM-Ctrl. The high degree of
maturity of the bone formed is reflected by the presence of osteocyte in their
lacunae in the scaffolds where cells pre-treated with the rCM-Smurf1 had been
seeded. The analysis of ALPL and osteocalcin (OCN) protein levels showed
significant increases in rCM-Smurf1-treated cells, supporting the findings related
to new bone formation, as these proteins serve as critical biomarkers for
osteogenic activity. The results obtained with the additional controls included in
this first in vivo experiment allowed us to verify that the ALPL and OCN expression
levels were significantly higher in rCM-Ctrl condition compared to both controls,
suggesting that the basic, not engineered, MSC secretome may have a baseline
osteogenic effect, which could be enhanced by Smurf1 downregulation in these
cells. This experimental setup provides a preliminary in vivo model to evaluate
the impact of rCM-Smurf1 in externally implanted MSCs in a controlled

environment.

However, the controlled environment of the ectopic murine model differs
from clinical settings, thus we needed to test the effect of the CM in a model that
more closely approximates clinical application. To this end, we conducted, an
experiment where primary human osteoporotic MSCs (hOP-MSCs) were
subjected to treatment with hCM-SMURF1 derived from ASC52telo cells.
Although gene analyses did not reveal significant alterations in the gene

expression levels of RUNX2 or ALPL, the enzymatic activity of ALPL, along with
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mineralization, which, as previously emphasized, constitutes the most critical
parameter for osteogenic effect assessment, was significantly increased in hOP-
MSCs. These results are highly important given the inherently diminished
osteogenic potential of osteoporotic MSCs (185), highlighting the strong
osteoinductive potential of hCM-SMURF1, even under pathological conditions. It
is important to note that the osteogenic induction produced by hCM-SMURF1
appears to be as effective as BMP2 in promoting bone regeneration in hOP-
MSCs in vitro. While BMP2 is mainly used in surgical procedures for bone
regeneration due to its osteoinductive properties, its ability to stimulate bone
mineralization serves us as a benchmark for evaluating the functional capacity of
hCM-SMURF1 (214, 215). The results of this experiment are highly significant
since it was conducted on a cohort of 23 independent female patients. This

provides an in vitro model that closely mirrors clinical reality.

As previously mentioned, the use of ASC52telo in the production of the
CM is critical for later translating these findings to an industrial setting. Another
requirement to take this step forward is to verify the biosafety of this CM. To
achieve this, hCM-SMURF1 was subjected to further evaluations designed to
clarify its effect on basic cellular functions in MSCs. Furthermore, these analyses
are crucial because changes in MSCs’ cell proliferation, migratory behaviour, or
chemotactic potential of MSCs could significantly influence the therapy’s
effectiveness. The proliferation assay reveals no statistically significant variations
in the proliferation of cells growing in the presence of the hCM-SMURF1 over a
nine-day exposure period. While increased cell proliferation can support tissue
repair, excessive proliferation may be undesirable, as it could indicate a tendency
towards tumorigenesis. In contrast, cells exposed to the CM for several days
showed no discernible cytotoxic effects. Therefore, we substantiate the safety of
employing hCM-SMURF1 in therapeutic applications, potentially allowing the

development of novel treatments without adverse effects on cellular health.

Additionally, migration analyses revealed that inhibiting SMURF1 does not
necessarily enhance the wound healing capacity of the CM, as no significant
differences were observed compared to other CM groups. However, there is a
notable and statistically significant improvement in the CM groups compared to
the group that did not receive any CM. This suggests that hCM-SMURF1 may
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contribute to bone regeneration by inducing a reparative effect against

mechanical impairments in MSCs.

Furthermore, the increased chemotactic responses observed in cells pre-
treated with hCM-SMURF1 indicated that this CM can attract MSCs, potentially
facilitating bone regeneration at the site of administration. This ability to recruit
adjacent MSCs may lead to better outcomes in ex vivo or in vivo settings

compared to those achieved in the in vitro models.

In ex vivo models, the natural architecture of bone tissue is preserved,
allowing bone cells to be studied within their microenvironment without the need
for living organisms. This preservation is due to the spatial organization,
extracellular matrix composition, and interactions among various cell types, such
as osteoblasts, osteoclasts, and stromal cells, which more accurately replicate
the in vivo environment compared to in vitro cultures of isolated bone marrow
MSCs (191, 216). Our analysis of ex vivo human bone cultures revealed that
incubation with hCM-SMURF1 resulted in a significantly reduced RANKL
expression, a key molecule essential for the differentiation and activation of
osteoclasts. Meanwhile, the levels of osteoprotegerin (OPG), a decoy receptor
that binds to RANKL and inhibits its interaction with its receptor, remained stable.
This resulted in a decreased RANKL/OPG ratio, indicating diminished bone
resorption, as an elevated OPG level relative to RANKL corresponds to reduced
stimulation of osteoclast maturation and activity (217, 218). In this ex vivo system,
the constant levels of M-CSF, an essential factor for the survival and proliferation
of osteoclast precursors, suggest that the bioactive agents present in the hCM-
SMURF1 that influence RANKL do not disrupt the recruitment or survival of these
precursors. Additionally, no substantial changes were observed in the expression
levels of BGLAP, a marker indicative of osteoblast activity, implying that
osteoblast activity remains unchanged within this model. Collectively, our findings
would suggest that hCM-SMURF1 selectively affects osteoclastogenesis without
necessarily impacting other aspects of bone metabolism. These results
underscore the potential of hCM-SMURF1 as a targeted therapeutic agent for
osteoporosis by inhibiting osteoclasts activity and, subsequent, bone resorption.
The specificity and efficacy of hCM-SMURF1 in diminishing RANKL levels
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position it as a promising candidate for further in vivo investigations and clinical

trials aimed at addressing disorders related to bone resorption.

Based on the migration and chemotaxis data suggesting that hCM-
SMURF1 may perform well in vivo by attracting MSCs to the sites of damage and
promoting bone regeneration, we proceed to design an in vivo model using a
calvaria bone defect. Initially, the data showed that the encapsulation system we
used, which employs the double emulsion technique developed in Dr Diaz-
Rodriguez's laboratory, is effective for encapsulating CM. The encapsulation
efficiency exceeding 91 %, determined through direct quantification of the protein
content within the CM and the microspheres, reflects a high level of success in
the implementation of this methodology. Regarding therapeutic efficacy of this
system, the regeneration achieved by mCM-Smurf1 and the positive control
(BMP2) showed an increasing trend compared to the negative control (Blank)
and mCM-Ctrl. This enhanced bone regeneration is clearly visible in the images
provided. However, although the data suggests a notable regenerative effect, the
statistical analysis did not reach significance. This lack of significance could be
due to the small sample size or variations in the scaffold’s composition, which are

challenges associated with the manufacturing technique used.

While the bone defect model is highly useful for assessing bone
regeneration, it does not accurately replicate the characteristics of osteoporotic
disease. To effectively translate our findings to patients with osteoporosis, we
employed an ovariectomized (OVX) murine model to simulate the
pathophysiological features of osteoporosis in postmenopausal women. The in
vivo evaluations, done through intraosseous injection in the femur, demonstrated
that mCM-Smurf1 significantly protects against trabecular bone loss induced by
OVX. Specifically, the trabecular bone volume observed in the mCM-Smurf1
group was significantly greater than in the non-treated and mCM-Ctrl-treated
femurs, closely resembling the volume seen in the Sham group. This suggests
that mCM-Smurf1 has potential as a therapeutic intervention for osteoporosis.
The importance of this experiment lies in our finding that a single administration
of mCM-Smurf1 is sufficient to prevent severe bone loss over a one-month period
in mice, compared to untreated subjects and it also shows significant
improvement over the CM-Ctrl group. Since the OVX model closely mimics
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osteoporosis, these results suggests that the CM from MSCs where Smurf1 has

been silenced could be a viable therapy for the prevention of this disease.

Although we did not detected changes in cortical bone, this is consistent
with our expectations due to the lower physiological activity of cortical bone
compared to trabecular bone (219), and the short duration of the study. While our
trabecular bone assessments validate the efficacy of ovariectomy, the cortical
bone data did not show statistical significances between Sham and not treated
groups. This suggests that an extended study might be necessary to detect
changes in cortical bone density. Consequently, it is challenging to demonstrate
potential positive effects of the treatment on cortical bone within the current study

timeframe.

To investigate the secretome mechanisms underlying the osteogenic
effects observed in various experimental models, we isolated the soluble and
vesicular fractions of CM derived from ASC52telo cells in which SMURF1 has
been silenced, and subsequently examined the osteogenic effects of these
fractions separately. Our findings indicate that the soluble fraction (SF) of hCM-
SMURF1 significantly increases the expression of RUNX2, a master regulatory
gene (220), compared to the vesicular fraction (VF). Similarly, the expression of
ALPL, encoding the alkaline phosphatase enzyme, is also significantly higher in
cells treated with the SF treatment to those exposed to the VF. Despite these
differences in the induction of osteogenic genes, both fractions produced
comparable levels of in vitro mineralization. While the upregulation of osteogenic
markers like RUNX2 and ALPL is essential for the preliminary phases of
osteoblast differentiation, mineralization encompasses a complex array of
processes that necessitates not only gene expression but also the deposition of
the extracellular matrix alongside subsequent mineral deposits. This process
relies on the functional activities of various enzymes and matrix proteins.
Consistent with current literature, extracellular vesicles (EVs) are involved in the
enhancement of mineralization by providing essential components and signalling
molecules that promote the deposition of mineral within the extracellular matrix,
which represents a key step in bone formation (221). In summary, the VF likely
promotes mineralization through mechanisms that would include the direct

enhancement of mineral deposition, the provision of osteoinductive components,
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and the modulation of the extracellular environment. These actions complement
the early osteogenic gene expression driven by the soluble fraction, underscoring
the synergistic effect of both fractions, and positioning the entire secretome as an

optimal strategy for developing of osteogenic therapies.

To further understand the biological mechanisms and identify specific
bioactive components responsible for the pro-osteogenic effects of the SF and
VF, we conducted mass spectrometry analysis on both fractions, in the hCM-
SMURF1 compared to the hCM-Ctrl. Multiple factors were overrepresented in the
SF and VF of the hCM-SMURF1, and the differential expression of some of them,
crucial to the processes of bone formation, was confirmed by gPCR. PREPL
(Prolyl Endopeptidase Like) predominantly binds collagen to basement
membranes or cartilage as a matrix protein and is highly expressed in developing
bones. PREPL can reduce bone loss in in vivo models of bone-related diseases
linked to a high osteoclast activity by inhibiting osteoclastogenesis through
nuclear factor-kappa [ (NF-kB) signalling pathway (222, 223). FMOD
(Fibromodulin) plays a significant role in fibrillogenesis and collagen cross-linking,
which are essential for optimal bone formation and structural integrity. This
protein is found abundantly in the extracellular matrix of mineralized tissues and
has been identified in foetal chondrocytes and osteoblasts during both
endochondral and intramembranous ossification (224). SPARC (Secreted Protein
Acidic and Cysteine Rich) is essential for bone mineralization, as it modulates the
deposition of minerals within the bone matrix. It interacts with extracellular matrix
components and growth factors, enhancing the proliferation and differentiation of
osteoblasts (225). Finally, CCN2 (Cellular Communication Network Factor 2) is
vital for osteogenesis, since it facilitates osteoblasts differentiation and bone
matrix production by engaging with pivotal signalling pathways such as TGF-,
BMPs, and Wnt. CCN2 binds to TGF- and BMPs, amplifying their signalling and
promoting bone matrix production. CCN2 is also involved in the complex
signalling required for bone development (226-228). The presence of these
osteogenesis-essential proteins in hCM-SMURF1 aligns with the pro-osteogenic
effects observed across multiple experimental models in this study. Additionally,
the identification of these proteins in both SF and VF supports the results of the

osteogenic induction experiment with the separated fractions, supporting the idea
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that the development of a therapeutic approach should ideally incorporate the
entire secretome rather than any of its isolated fractions. Consistent with the idea
of using the complete secretome as a therapy, we conducted a gene ontology
(GO) analysis of proteins that are differentially represented in the hCM-Ctrl and
hCM-SMURF1 samples. The analysis identified GO terms enriched in the hCM-
SMURF1 proteins related to regenerative processes, such as “regulation of cell
morphogenesis” or “post-transcriptional regulation of gene expression” in the SF,
and “extracellular matrix organization” or “ossification” in the VF. These findings

further support our hypothesis regarding the efficacy of the whole secretome.

Given that the aim of this work was to develop a treatment targeting bone
tissue, it was expected that this approach would not exclusively impact the
resident MSCs but also elicit responses from various cellular components of the
bone microenvironment. Due to the complex interactions among bone cells that
are essential for maintaining homeostasis and regulating bone remodelling, it was
crucial to evaluate the effects of CM-Smurf1 on osteocytes and osteoclasts.
Osteocytes represent approximately 95% of the bone tissue, so it was important
to ensure that CM-Smurf1 did not have cytotoxic effects on these cells. The
results demonstrated not only the absence of cytotoxicity, but also suggested that
mCM-Smurf1 promotes an environment leading to the increase of bone mass.
This was evidenced by a reduction in the Rankl/Opg ratio, indicating decreased
osteoclastogenesis, as well as a decrease in the expression of other negative
regulators of bone mass such as Sost and Dkk1, which inhibit osteoblast function,

and M-csf, which induces osteoclastogenesis (12, 15).

Furthermore, the osteoclastogenesis induction experiment in RAW 264.7
cells supported these findings, showing a reduced formation of multinucleated
cells when osteoclast induction occurred in the presence of mCM-Smurf1. Both
sets of align, suggesting that at least part of the effect observed in the calvaria
bone defect and intraosseous injection in osteoporotic models can be attributed
to a decrease in osteoclast formation. This “collateral” effect of CM-Smurf1 on
cells within the bone microenvironment, complements the enhancement of bone
formation induced on MSCs, as demonstrated in the in vitro experiments.
Together, these effects result in a therapeutically comprehensive and safe
approach from a biological perspective.
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Overall, we conclude that the CM of MSCs where Smurf1/SMURF1 has
been silenced can enhance the osteogenic potential of MSCs, even when their
osteogenic capacity is diminished, as seen in MSCs derived from patients with
osteoporosis. Additionally, this CM promotes chemotactic and migratory
responses in MSCs, thereby improving its regenerative efficacy. These effects on
MSCs are further complemented by the induction of a pro-osteogenic profile in
cells within the bone microenvironment, including osteocytes and osteoclasts,
which  collectively contribute to bone regeneration by reducing
osteoclastogenesis. This dual mechanism makes this CM a highly promising
therapeutic option for managing osteoporosis. Indeed, our findings show that a
single administration of CM-Smurf1 significantly alleviate the bone degeneration
linked to a decrease in oestrogen levels. These effects are further supported by
the enrichment of proteins essential for osteogenesis. The absence of cytotoxic
effects observed throughout this study places the secretome of MSCs with
silenced SMURF1 expression as a viable alternative to existing pharmacological

therapies for osteoporosis.

5.4. Future Perspectives and Limitations

5.4.1. Use of CM-SMURF1 Clinical Practice

Current methodologies for addressing osteoporosis are complex, involving
a wide range of pharmacological agents that come with various side effects.
Some of these adverse effects, although infrequent, can be severe.
Consequently, the administration of these medications requires stringent
decision-making protocols and long-term patient follow-up to ensure that the
therapeutic regimen maintains a favourable benefit-risk balance (229).
Additionally, the lack of systematic screening protocols for osteoporosis results in
the condition remaining undetected until a fracture occurs, at which point the
patient's quality of life and/or physical self-dependence may be significantly

compromised.

In contrast, the therapy we propose, based on the secretome of MSCs with
silenced SMURF1 gene expression, offers a potentially safer treatment. This

therapy provides the benefits of a dual-action approach, similar to
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Romosozumab, but, presumably, without the potential adverse effects on the
endocrine and cardiovascular systems of this treatment (230). We suggest that,
in clinical practice, the favourable safety profile of this therapeutic modality would
make it suitable for use as a preventive intervention. Our experimental model for
post-menopausal osteoporosis demonstrates that it effectively protects bone

architecture under this pathological set up.

Implementing this therapy in clinical settings would require incorporating
of bone turnover markers (BTMs), such as serum C-telopeptide cross-link type |
collagen (CTX) or procollagen type | N-terminal pro-peptide (PINP), into the
recommended monitoring of risk factors on all recent menopausal women, as
stated by Asociacion Espafiola para el Estudio de la Menopausia (AEEM) (231).
While the use of these biomarkers as predictors of bone mass is not generally
recommended, empirical studies suggest their utility in the early identification of
women who may exhibit a heightened rate of bone loss in the subsequent years
following the onset of menopause (232-234). Additionally, elevated BTMs have
been correlated with a higher risk of fractures (233), facilitating early intervention
within the firsts 2-7 years post-menopause. The use of these markers should be
complemented by other assessments, including additional biomarkers and bone
mineral density (BMD) evaluation. One diagnostic approach for osteoporosis,
prior to the occurrence of a fracture, involves the utilization of the T-score, which
compares a patient’s BMD to that of a young, healthy reference population. A T-
score below -2.5 is classified as osteoporotic, while a T-score ranging from -1 to
-2.5 indicates that the patient is osteopenic. Women in this latter category
specially those with increased BTMs and other risk factors, may be suitable
candidates for this novel therapeutic intervention, thereby reducing the probability

of reaching more reduced T-scores or even fractures.

While we do not rule out the potential for this treatment to repair
osteoporotic bones, i.e. serving as an osteosynthesis treatment, this hypothesis
requires further experimental validation. To explore this possibility, an
intraosseous injection model similar to our current design would need to be
implemented, where CM is administered one month post-ovariectomy, once the

pathological state is well established.
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5.4.2. Feasibility of Developing the Treatment

The development of new therapies based on artificial or engineered
tissues, cells or their derivatives has been in the spotlight in recent years. These
therapies are classified as Advanced Therapy Medicinal Products (ATMPs) and
are considerably more complex than conventional medicines. As a result,
production and regulatory approval processes by authorities such as the
European Medicines Agency (EMA) are considerably more challenging, often
resulting in higher costs. The feasibility of making our therapy accessible to the
broader population depends on the economically viable production of the
secretome. To achieve this, we propose the utilization of immortalized
mesenchymal stem cell (iMSCs) lines which can facilitate prolonged culture
periods without undergoing senescence. These iIMSCs, with permanent inhibition
of the SMURF1 gene, would be cultivated in bioreactors designed for the
continuous collection of conditioned medium while providing the necessary
oxygen and nutrients to maintain cell viability and productivity. Notably, this year,
Garcia et al. (209) published findings indicating the feasibility of this approach.
They successfully isolated conditioned medium from iIMSCs for a duration of up
to four weeks without compromising cellular phenotype, and additionally
developed a system for the specific isolation of extracellular vesicles. Therefore,
the latest advancements in bioreactor technology, standardization protocols, and
modifications in regulatory frameworks will facilitate the economical large-scale

production of the secretome-based therapies.

Furthermore, the recent authorization granted to the Basque company
Histocell Regenerative Medicine, specialised in the development, scale-up and
Good Manufacturing Practice (GMP) manufacturing of products based on MSCs,
by the Agencia Espafola de Medicamentos y Productos Sanitarios (AEMPS) to
produce MSC secretomes and exosomes products underscores the significant

role of MSC secretome in developing innovative therapies (235).

The optimization and subsequent cost-reduction associated with
secretome production are also correlated with potential savings for the healthcare
system In Spain alone, the healthcare system allocated €4.2 billion to

osteoporotic patients in 2017, with projections indicating an increase of over 30%
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within 15 years. These estimates do not account for indirect costs such as work
absenteeism and caregivers burdens due to patients’ reduced mobility and daily
activity limitations (47). Thus, preventive treatments using our therapeutic

approach would present a financially advantageous alternative.
5.4.3. Administration Method

In the preliminary in vivo osteoporotic model performed in this work, we
assayed a local injection of the secretome. The reason was trying to diminish any
possible cytotoxic effects that may arise in systemic administration, as well as
enhance the concentration of secretome factors within bone tissue. This
administration method showed effectiveness and no apparent adverse effects.
However, in pursuit a refinement in the application of this therapy, we propose
that a targeted delivery of the secretome could be employed in order to achieve
active osteotropism, with higher concentrations in bone tissue, prolonged

localized release, and reduced minimal effective doses.

While designing targeted therapies for bone tissue is more challenging
than other tissues due to limited vascularization, and complex remodelling and
homeostatic regulation mechanism, our group had previous expertise
implementing such approaches. In a work recently published (236), we
encapsulated GapmeRs specifically designed to inhibit the gene encoding
Secreted Frizzled-related Protein 1 (Sfrp1), an inhibitor of the osteogenic Wnt/[B-
catenin signalling pathway, in nanoparticles that were targeted to MSCs using
specific aptamers. The systemic administration of the GapmeR-nanoparticle-
aptamer complex yielded a four-fold enhancement in the accumulation of
released GapmeR in bone tissue, while concurrently decreasing hepatic
accumulation by ten-fold. The outcomes of the study indicated an increase in
trabecular and cortical bone thickness in ovariectomized mice, without presenting

any toxic effects.

In the study of the calvaria bone defect model, we have shown that it is
possible to encapsulate the conditioned media within nanoparticles, which could
similarly be targeted to bone tissue. Given that, based on our results, the
secretome would exert beneficial effects on MSCs as well as osteocytes and

osteoclasts, the therapy will not be restricted to a specific cell type, but rather
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directed towards the bone matrix, thereby influencing the whole
microenvironment. There are molecules such as bisphosphonates (and their
analogues), phytic acid, tetracycline, acidic oligopeptides (consisting of aspartic
acid or glutamic acid) or aspartate-serine-serine (DSS) peptides that can
recognize and bind specifically to hydroxiapatite crystals, the major inorganic
component in bone matrix (237). In principle, any of these molecules can be used
as ligands for the design of targeted therapies, as it has been demonstrated in
numerous preclinical studies. The selection of one molecule over another would
depend on which of them provides better characteristic for secretome-based
therapies in terms of drug release, bone distribution, binding rate, strength,
circulation time, long term side effects or excretion. Regardless, there are
reasons to consider that the development of a safe and cost-effective SMURF1-

silenced MSC secretome-based therapy for osteoporosis could be achieved.
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6. CONCLUSIONS

1.

The use of specific GapmeRs for Smurf1//SMURF1 BMP signalling
pathway inhibitor significantly reduces the expression of this gene.

The transient silencing of Smurf1//SMURF1 in mesenchymal stem cells
(MSCs) induces the synthesis of a collection of factors, referred to as
secretome or conditioned medium (CM-Smurf1/CM-SMURF1), which
enhances the osteogenic potential of both healthy murine and human
MSCs in vitro.

hCM-SMURF1 increases the osteogenic capacity of MSCs from
osteoporotic patients in vitro, reaching osteogenic values similar to those
obtained with the pro-osteogenic molecule BMP2.

While hCM-SMURF1 does not compromise the viability or proliferative
ability of MSCs, it does promote their migratory capacity and exerts a
chemotactic influence on these cells.

In @ murine in vivo context, rCM-Smurf1 similarly enhances the osteogenic
potential of MSCs as it was evidenced in vitro.

mCM-Smurf1 shows efficacy in diminishing trabecular bone loss
associated with ovariectomy in murine models.

Both the soluble and vesicular fractions of hCM-SMURF1 contribute
synergistically to the augmentation of the osteogenic potential of MSCs in
vitro.

In both the soluble and vesicular fractions of hCM-SMURF1, we observed
a significant enrichment of proteins that are notably implicated in
osteogenic activity.

The study of the impact of CM-Smurf1/CM-SMURF1 on cells within the
bone microenvironment, conducted through both ex vivo bone
experiments and directly with osteocytes and osteoclasts in vitro, reveals
that it promotes a pro-osteogenic profile by inhibiting osteoclastogenesis.
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